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ABSTRACT
The MIT Research Reactor (MITR) is in the process of conducting a design study to
convert from High Enrichment Uranium (HEU) fuel to Low Enrichment Uranium (LEU) fuel.
The currently selected LEU fuel design contains 18 plates per element, compared to the existing
HEU design of 15 plates per element. A transitional conversion strategy, which consists of
replacing three HEU elements with fresh LEU fuel elements in each fuel cycle, is proposed. The
objective of this thesis is to analyze the thermo-hydraulic safety margins and to determine the
operating power limits of the MITR for each mixed core configuration.
The analysis was performed using PLTEMP/ANL ver 3.5, a program that was developed
for thermo-hydraulic calculations of research reactors. Two correlations were used to model the
friction pressure drop and enhanced heat transfer of the finned fuel plates: the Carnavos
correlation for friction factor and heat transfer, and the Wong Correlation for friction factor with
a constant heat transfer enhancement factor of 1.9. With these correlations, the minimum onset
of nucleate boiling (ONB) margins of the hottest fuel plates were evaluated in nine different core
configurations, the HEU core, the LEU core and seven mixed cores that consist of both HEU and
LEU elements. The maximum radial power peaking factors were assumed at 2.0 for HEU and
1.76 for LEU in all the analyzed core configurations.
The calculated results indicate that the HEU fuel elements yielded lower ONB margins
than LEU fuel elements in all mixed core configurations. In addition to full coolant channels,
side channels next to the support plates that form side coolant channels were analyzed and found
to be more limiting due to higher flow resistance. The maximum operating powers during the
HEU to LEU transition were determined by maintaining the minimum ONB margin
corresponding to the homogeneous HEU core at 6 MW. The recommended steady-state power is
5.8 MW for all transitional cores if the maximum radial peaking is adjacent to a full coolant
channel and 4.9 MW if the maximum radial peaking is adjacent to a side coolant channel.
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Title: Principal Research Scientist, Nuclear Reactor Laboratory
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1. Introduction:
1.1. MITR-II Reactor Background and Design
The MIT Research Reactor, the MITR-I, was initially built in 1958. It went through a
major design modification in early 1970's and was recommissioned the MITR-II, licensed for 5
MW operation. At the time of this writing, a licensing application is pending for the MITR-III
which would allow 6 MW operation. The MITR-II is light water (H20) cooled and moderated
and heavy water (D20) reflected. The reactor currently uses highly-enriched U-235 fuel
elements. The MITR-II is utilized for in-core experiments for advanced materials and fuel
irradiations, neutron scattering research, nuclear medicine, and silicon doping [1].
The MITR-II is designed such that the Limiting Safety System Setting (LSSS) for
primary coolant flow rate is 1800 gallons per minute (gpm). The nominal steady-state primary
flow rate is 2000 gpm. The same LSSS primary flow rate of 1800 gpm is maintained in the
MITR-III licensing document but with a higher steady-state power of 6 MW [2]. The LSSS are
determined to ensure that the onset of nucleate boiling (ONB) does not occur in the core region
during normal operation when the engineering hot channel factors are accounted for [2].
The reactor core is surrounded by a core shroud, which is then contained within a light
water tank. The light water tank is contained within a tank of heavy water, which serves the
purpose of a neutron reflector. For heat removal, coolant is drawn from the inlet plenum and then
vertically downwards through the annular region between the core tank and the core shroud. Two
temperature sensors/switches provide for independent and redundant reactor scrams if the
temperature of coolant exiting the core exceeds the setpoints [2].
The coolant exits the core tank through the hot leg and is then passes through the tube
side of two primary heat exchangers, which in turn transfer the heat into a secondary cooling
system. Figure 1-1 shows a cutaway view of the reactor components [2].
Figure 1.1: Cutaway view of the MITR-II components [2].
The MITR-II core is hexagonal in configuration. The core contains 27 positions for fuel
elements. These 27 positions are arranged into three rings: the center A-ring consists of 3
positions, the B-ring consists of 9 positions, and the outer C-ring consists of 15 positions.
Normally, only 24 of the 27 positions are filled by fuel elements, leaving 3 positions open for in-
core experiments or filled with solid dummy elements to prevent bypass flow. Figure 1.2 is a
diagram that shows a top down view of the MITR-II core. Typically, the in-core experiments are
placed in two of the A-ring positions or in one of the B-ring positions [1]. The coolant passes
through fourteen full flow channels and two side channels in each of the 24 fuel elements in the
core.
Figure 1.2: Diagram of MITR-II core configuration [2]
reactors are scheduled to be converted [ 1].0-7 C-15
reactors are scheduled to be converted [1].
For the MITR-II, the transition from HEU to LEU has raised concerns of neutronic
performance, specifically whether LEU fuel would produce the same levels of neutron flux for
both in-core and ex-core experiments. Fortunately, studies at MIT have shown that by using
high-density uranium-molybdenum (U-Moly) fuel (U density of 17.5 g/ cm 3), a switch to LEU is
a viable option for the MITR-II [3]. From the study by Newton [3], using LEU would even have
the added benefit of potentially increasing fuel cycle length to twice that of the current HEU fuel
[3]. In addition, a thermal-hydraulic study by Ko using the MULti-CHannel-II (MULCH-II) code
has shown that the LEU can operate at powers higher than 6 MW and can thus produce higher
neutron fluxes by increasing the number of fuel plates per element [4].
1.2.2. Selected LEU Fuel Design
1.2.2.1. Current (HEU) Fuel Design
The MITR-II is unique in that it is the only reactor that utilizes MTR-type fuel elements
with longitudinal fins to enhance heat transfer. Each HEU element is rhombic in shape; the
parallel distance between side plates, the un-finned support plates between the fuel plates, is
2.375" (60.33 mm). The overall length of a fuel element, including the end nozzles, is 26.25"
(666.75 mm). Each element contains 15 HEU fuel plates that are held between two grooved
aluminum alloy side plates. These side plates are 0.188" (4.78 mm) by 2.853" (72.47 mm). The
fuel plates are 0.080" (2.03 mm) thick, 2.552" (64.82 mm) wide, and 23" (584.20 mm) long.
Longitudinal fins are milled into both sides of the fuel plates. These fins are 0.01" (0.25 mm)
wide, 0.01" (0.25 mm) high, and are spaced 0.01" (0.25 mm) apart. There are 110 fins on each
side of a fuel plate. Figure 1.3 shows a top view of an HEU fuel element [2].
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Figure 1.3: Cross section of HEU fuel element [2]
Each HEU element contains 506 grams of U-235, or 37.7 grams in each plate. The fuel
meat on the plates consists of 93% enriched uranium in the form of an UAlx cermet. The fuel
meat on each plate is 22" (558.80 mm) to 22.75" (577.85 mm) long, 2.082" (52.88 mm) wide,
and 0.03" (0.76 mm) thick. The fuel meat is enclosed in 6061 aluminum alloy that is
0.015"+ 0.003" (0.381 mm+ 0.076 mm) thick. The total amount of U-235 in the MITR core is
13.6 kg [2].
The 15 fuel plates in an HEU element form 14 full flow channels between them and two
side channels between the two fuel plates and the two side plates at the end. (i.e. the outermost
walls of the fuel element). Each full channel is 0.078" (1.98 mm) thick, from fin to fin. Each
side channel is 0.065" thick (1.65 mm) [2]. Figure 1.4 shows a top, view of a fuel channel and
plate configuration. The dimensions 1 and 2 are the water gap and plate to plate distances. They
are 2.24 mm and 4.03 mm, respectively. The water gap measures the distance from mid-fin to
mid-fin. The plate to plate distance measures the distance from mid fuel plate to mid fuel plate.
In Figure 1.4, the coolant flow is perpendicularly into (or out of) the page [4].
Number of fin spacing : 110
....254 m
Coolant Flow Area
Figure 1.4: Axial view of the coolant flow channel. Coolant flows perpendicularly into the page.
Dimension 1 is the water gap (2.24 mm), which is the distance from mid-fin to mid-fin.
Dimension 2 is the plate to plate distance (4.013 mm), which is the distance from the plate
centerline to plate centerline [4].
1.2.2.2. Proposed (LEU) Fuel Design
The design of the LEU fuel elements was studied in Ko's 2008 S.M. Thesis [4]. Besides
ensuring that the uranium content within the core is adequate, the LEU fuel elements must have
identical outer geometry as the HEU fuel elements in order to maintain the same core housing
configuration. In addition, the thermal-hydraulic impact of the LEU fuel must not be excessively
different from that of the HEU. Utilizing these constraints, Ko considered several geometries for
the LEU fuel plates by varying the number of plates per element and reducing the fuel meat and
cladding thicknesses. Ko analyzed the pressure drop across LEU elements with various numbers
of plates and compared the results to the pressure drop across HEU elements. The intention of
this analysis was to design an LEU fuel element that would have the most number of fuel plates
per element and has a friction pressure drop that does not exceed that of an HEU element. The
results are shown in Table 1-1 [4].
The calculations from Table 1-1 assumed a 6 MW core with the core flow rate set to
1800 gpm, as according to the MITR-II Reactor Systems Manual [2]. Additionally, all cores
were assumed to consist of 22 fuel elements. The calculations were performed using RELAP5
[4].
Table 1-1: Friction pressure drop for various LEU fuel element designs [4]
LEU# bl 15 26893
LEU# b2 16 30673
LEU# b3 17 35107
LEU# b4 18 39934
HEU 15 41403
From Table 1-1, one can see that the 18 plate LEU fuel element gives a pressure drop that is
closest to the existing HEU element and results in a slightly lower mechanical loading on the
core tank. Thus, the 18-plate LEU fuel design is recommended for the MITR core conversion
[4].
Table 1-2 shows a comparison between HEU and LEU fuel dimensions.
Table 1-2: HEU and LEU fuel element and plate dimensions [4]
Fuel Type U-Alx Monolithic
' U-7Mo
Fuel Length 0.5842 0.5842 m
Fuel Plates
15 18per Assembly
Fuel meat
Thickness 0.76 0.55 mmThickness
Al-Clad
thickness* 0.38 0.25 mmthickness*
*From fuel meat interface to fin base
1.3. Conversion Strategy
The current plan for the transition to LEU at the MITR-II is to switch gradually from
HEU to LEU. Elements in the reactor will be replaced by LEU incrementally, which will allow
reactor personnel to monitor the performance of the LEU fuel without necessitating a long-term
reactor shutdown. Such a shutdown would adversely affect the MITR's utilization program. The
core will begin the transition with a 24 element HEU core and; over time, the HEU fuel elements
will be replaced using fresh LEU elements, ending eventually with a 24 element LEU core.
Currently, it is planned to add three LEU fuel elements during each transition cycle. In the event
that the LEU fails to perform to the required standards during the transition, the LEU elements
can be switched back to HEU. This incremental conversion allows the reactor to handle LEU in
small batches. Also, by adding a small batch, the quantity of excess reactivity from new fuel
elements is reduced [5].
The goal during the LEU transition is to keep steady state reactor power at 6 MW, the
requested full power in the current licensing application [6]. The new elements will likely be
added first into the B-rings of the reactor core. The C-ring is adjacent to the outer plate, which is
surrounded by water. This additional moderation causes high power peaking in the C-ring, which
should be avoided when adding new, unburned fuel [5].
1.4. Project Description and Objectives
The objective of this project is to analyze the thermal-hydraulic operating limits of the
MITR during each step of the transition. Between homogeneous HEU core and homogeneous
LEU core, there will be a series of transitional, or MIX, cores containing different numbers of
HEU and LEU elements. The primary concerns in this project are the flow disparity between the
various fuel elements, the peak cladding temperature of the hottest fuel plates, and the ONB
margins at those hot spots in each of the different MIX-Cores. The goal of this project is to
determine the safe operating power limits for the different MIX Cores during the transition
between HEU and LEU fuel. The operating limits are obtained by scaling the ONB margins of
the MIX cores to that of the homogeneous HEU core with steady-state power of 6 MW.
Thermal-hydraulic calculations were performed using PLTEMP/ANL version 3.6A.
1.4.1. Thermal-Hydraulic Calculations
Analysis of the thermal-hydraulic conditions includes iteration of the three conservation
equations [7]:
Mass
d
-(pV) = 0 (1.1)
dz
Momentum
dp drz, dvz
pgz dP + zz PVz (1.2)dz dz dz
Energy
dTB (z)q"A = hPh[TClad(Z) -TBk(z)] = p (d lk(z)) (1.3)
dz
Equations 1.1, 1.2, and 1.3 are the 1-D steady-state equations; they can be solved using
the finite difference method.
From the mass and momentum equations, the mass flow rates through the LEU and HEU
elements will be calculated with the axial pressure drop held constant in the two types of
elements. This will be the limiting constraint for calculation of the HEU and LEU flow disparity.
The frictional pressure drop, AP, will be calculated as follows [7]:
AP = f ( ) + Z APform (1.4)
De 2
Where L is the length of the channel
De is the hydraulic diameter of the channel (pseudo-smooth)
p is the fluid density
v is the average fluid velocity in the axial (z) direction
f is the Darcy friction factor
APorm is the total form loss through the channel (more in section 3.4.6)
With AP and the mass flow rate known, the heat transfer coefficient between the cladding and
the coolant can be surmised with correlations, allowing for the evaluation of the clad temperature
and ONB temperatures.
1.4.2. Special Considerations for MITR-II Finned Channels
The MITR-II fuel plates are covered with an array of longitudinal rectangular fins. These
fins enhance heat transfer between cladding and coolant by increasing the heat transfer area. The
fins also affect the hydraulic resistance. Because of the complex nature of flow in finned
channels, heat transfer rate and pressure drop along the coolant channels were obtained by using
correlations.
Studies, both through experimental testing and numerical analysis, have been performed
on finned flow channels. However, these studies focused primarily on flow through round tubes
with finned walls. Figure 1.5 shows a diagram of the typical flow geometry examined. Of the
existing research, laminar flow through finned tubes has been studied extensively. Studies for
turbulent flow through finned tubes, however, are relatively less extensive [8].
Figure 1.5 : Helically finned tube [9]
Early attempts to understand the flow patterns through finned tubes involved using the
hydrogen bubble technique to take high-speed photographs of the fluid flow [9]. This allowed
visual assessment of the fluid flow. Through these flow visualization studies, it was found that
during laminar flow, bubbles move in parabolic patterns. During turbulent flow, these parabolic
patterns disintegrate due to the random separation vortices. Finned tubes were also shown to
have lower transition Reynolds numbers than non-finned tubes. Additionally, flow visualization
tests showed that the flow in the center of the tube (away from the fins) moved in a different
pattern than the flow close to the walls. The flow at the walls followed a rotational pattern, which
increased in angle as the roughness height increased. This rotational layer also decreased in
thickness as the Reynolds number increased, but it is still present in the turbulent regime [9].
One of the most widely used correlations for analyzing finned channel heat transfer and
friction pressure drop are the Carnavos correlations [10], which is utilized in the PLTEMP/ANL
code.
In addition to using the Carnavos correlations, the calculations were also performed using
the Wong correlation for friction factor in conjunction with a constant heat transfer enhancement
factor of 1.9. The Wong correlation is obtained specifically for the MITR fuel configurations
covering both the laminar and turbulent flow regimes [1]. A comparison between the two will be
made.
1.4.2.1. Carnavos Correlations
The Carnavos correlations were empirically determined by T.C. Carnavos in 1979.
Carnavos experimented with the heat transfer and isothermal friction pressure drop of water and
ethylene glycol through tubes of different longitudinal fins sizes and helix angles. Heat transfer
of the tubes being heated and cooled were both examined [10]. The Carnavos correlations were
determined to be accurate to within ± 10% for both the friction factor and the heat transfer
coefficient. In addition, the correlation fits the empirical data to the ± 10% accuracy for helix
angles between 0-30 degrees, Reynolds number of between 10,000 and 100,000, and Prandtl
numbers between 0.7 and 30 [10]. Other correlations for finned tube thermal-hydraulic analysis
do exist. Jensen and Vlankancic's 1999 paper described a set of empirically determined
correlations for finned tubes [ 11]. These correlations highlight a potential weakness in the
Carnavos correlations. In Jensen and Vlankancic's study [11 ], they evaluated the heat transfer
coefficient and friction factors of tubes with a number of different fin geometries. They found
that only a small quantity of their data fell within the predicted range of the Carnavos
correlations. Jensen and Vlankancic attributed the discrepancies to the fact that flow varied with
the relative height of the fins and the tube diameter. With fins heights that were insignificant
compared to the tube diameter, in the case of microfins, then the flow is likely to undergo coring,
which is a roughness effect from the fins. When coolant flow undergoes coring, the flow at the
outside edge of the tube forms a laminar layer above the fins while the flow at the center of the
tube, the core, continues to flow in the turbulent regime. The flow at the center interacts very
little with the fins [11]. The Carnavos correlations do not give accurate results when used to
predict the flow patterns in tubes featuring microfins, where coring is possible. However, in the
case where fin height is significant compared to the channel hydraulic diameter, the Carnavos
correlation are applicable [ 11].
Microfins are defined as the following [ 11]:
e < 0.02 (1.7)
D
Where
e is the height of the fin
D is the tube diameter
Because of this distinction of flow pattern between tubes with tall fins and tubes with
microfins, Jensen and Vlankancic developed a set of two correlations, one for tall fins and one
for microfins. The correlations for flow with the tall fins fit well with the Carnavos correlations.
This is likely because the Carnavos correlations were developed during a time before
microfinned tubes were prevalent. Thus, another limitation needs to be applied to the Carnavos
correlations: that it is accurate only for the case of e > 0.02 [11].
D
Table 1-3 provides Carnavos correlation limits and where the MITR coolant channels fall
relative to them. The conditions that are modeled for the MITR core, corresponding to a primary
flow rate of 1800 gpm, are all well within the range that the Carnavos correlation is applicable
for.
Table 1-3: MITR Parameters comparison with the Camavos correlation limits. The De used for
Reynolds Number calculations are those of finned channels
Reynolds Number -1.46 X 104 -1.19x104 1.0 x10 4 -1.0 x10
5  Yes
Prandtl Number -3.76 -3.66 1- 25 Yes
Helix Angle 0 0 0-30 Yes
e/D 0.113 0.114 >0.02 Yes
1.4.2.2. Wong and Dittus-Boelter Correlations
Presently, thermal-hydraulic analysis of the MITR-II finned fuel channels has been
performed by the following correlations. The Nusselt Number has been determined by the use of
the Dittus-Boelter correlation [7].
Nu = hD = 0.023Re.8 Pr 0" 4  (1.8)
k
The heat transfer has been determined by the following:
Q = 1.9h WL(T, - Tb) (1.9)
To account for the fin effectiveness, the heat transfer area (WL) is increased by a factor
of 1.9.
Evaluation of the friction factor for the MITR-II fuel channel geometry was performed in
2008 by Susanna Wong. Wong devised an experimental system to measure the pressure drop
through the MITR-II coolant channels. In the experiment, Wong analyzed the flow and pressure
drop through aluminum channels in which the dimensions are identical to those of the MITR
fuel. Through her experiment, Wong devised a correlation for calculating the friction factor
through the MITR-II flow channel geometry [1]. Wong's correlation for friction factor is shown
below.
f = 0.575 Re-0.25  (1.10)
A comparison of results from the Carnavos and Wong correlations will be made in this
project. However, it should be noted that the Wong correlations were developed specifically for
the MITR fuel plates, and should therefore give more accurate results. In addition, the Wong
correlation was formulated for both laminar and turbulent flows, and therefore offers a wider
range of applicability than the Carnavos correlations [1].
1.4.3. Evaluation of the Hot Plates and Channels
For determining the maximum steady operating power of the MITR-II during the HEU to
LEU fuel transition, the limiting temperature conditions at the hottest areas in the core will be
calculated. In order to study these hot spots, the power of the hottest plates in each transitional
core was evaluated with a series of peaking factors. The two types of peaking factors that were
used were the Radial Peaking Factor (Fr) and the Axial Peaking Factor (Fa). The Radial Peaking
Factors show the relative power of a particular plate in the core to the average power of the
plates in a given fuel element. The Axial Peaking Factors characterize the relative heat flux of a
particular axial location in the core to the average axial heat flux in that fuel plate.
The fuel plates with the highest radial and axial peaking factors will contain the hottest
cladding temperatures and also the lowest ONB margins. Additionally, the channels adjacent to
these plates will have the hottest bulk coolant temperatures. Note that these two conditions rarely
occur in the same coolant channel and thus this condition should be considered a worst-case
scenario.
1.4.4. Determination of Maximum Operating Power Limits
The ultimate goal of this project is to determine the maximum steady-state powers at
which the MITR can safely operate. To do this, the minimum ONB temperatures in the different
MIX-Cores will be examined to see if they are within the minimum ONB margins established by
the HEU core. If not, the reactor power will be scaled back to a power where the ONB
temperatures will not fall below the allowable margin.
2. Modeling Methodology
The calculations for this project were mostly conducted using PLTEMP/ANL v. 3.6a.
2.1. PLTEMP/ANL Description
PLTEMP/ANL is a FORTRAN-based computer code developed and maintained at
Argonne National Laboratory. The program is designed to obtain steady-state flow and
temperature solutions for a single plate and channel configuration, a single element of heated
plates and channels, or an entire reactor core of fuel elements. The code is capable of analyzing
elements with up to 30 fuel plates and cores of up to 30 fuel elements of up to five different types
of element geometries and fuel types. For each element in a core, PLTEMP/ANL allows the
option of incorporating radial and axial peaking factors to ensure a more accurate analysis [4].
PLTEMP/ANL begins its heat transfer analysis with a one dimensional model of heat
transfer across a plate or tube at the entrance of the assembly. The code then repeats the analysis
at each axial node down the flow path to obtain a two-dimensional solution. The fuel geometry
that PLTEMP/ANL is capable of modeling can be either slab or cylinder. The code utilizes a
variety of thermal-hydraulic correlations to determine the safety margins in a reactor core, such
as ONB, departure from nucleate boiling (DNB), and onset of flow instability (OFI). The coolant
properties used in PLTEMP/ANL for either light or heavy water are given as FORTRAN
functions, as opposed to tables [12].
PLTEMP/ANL is designed for calculations for reactor performance in the sub-cooled
regime. Both turbulent and laminar flow regimes can be modeled. In addition, PLTEMP/ANL is
capable of analyzing both forced and natural circulation flows. Finally, options for incorporating
bypasses in the core are also available [12].
The version of PLTEMP/ANL used in this project is Version 3.6A. This version is
different from previous versions in that it allows for the incorporation of plates with finned
surfaces. In addition, this latest version of PLTEMP/ANL allows for multiple element types also
with finned surfaces [13].
2.2. PLTEMP/ANL Input Parameters
The calculations performed using PLTEMP/ANL modeled a series of coolant channel
configurations in the MITR-II. The objective is to compare the maximum temperatures in the
cladding and the coolant in the seven Mix-Core configurations and the two Homogeneous
configurations. The basic layout for a typical PLTEMP/ANL input deck is as follows:
a. Correlation selections
b. Geometry setup
i. Channel geometry
ii. Fuel plate geometry
c. Power Conditions
d. Inlet Conditions
In this particular set of PLTEMP/ANL models, the major concerns for correlations are
the ones used for flow through finned channels and those used to fine the temperatures for which
onset of nucleate boiling (ONB) occurs on the fuel plates. In this study, the correlation used for
ONB temperature is the Bergles-Rohsenow correlation. Calculation of the friction pressure drop
along the channel and the clad to coolant heat transfer were calculated in two ways. First, the
Carnavos correlations were used; those results were then compared with those generated via
Wong's friction factor and the Dittus-Boelter correlation with a 1.9 enhancement factor to
account for the area of the fins. This 1.9 enhancement factor was obtained via a computational
fluid dynamics simulation of the MITR finned channel by S. Parra [14] and is always used for
MITR's heat transfer calculations [2].
The next set of inputs in the PLTEMP/ANL input deck is the fuel and flow geometry.
The flow geometry is required for inputs for calculation of the friction pressure drop, which is
then used to determine mass flow rates through the coolant channels. The mass flow rate is then
used in turn for calculation of the heat transfer and the clad temperature.
PLTEMP/ANL next requires a set of inputs for the radial peaking factors of each fuel
plate in the model. The radial peaking factors represent the non-uniform power distribution in the
reactor core. Special attention will be paid to the hot plates/coolant channels throughout the
course of this project, as that is where the safety margins are evaluated. Additionally,
PLTEMP/ANL requires inputs for the axial power profile for the core modeled. The axial power
profiles were provided by Romano using the MCNP/ORIGIN linkage code, or MCODE [15]
Combining the radial and axial peaking, the hot spots, which coincide with the highest heat
fluxes in the core region, can be modeled.
The final set of inputs PLTEMP/ANL requires is the core operating conditions and flow
inlet conditions. For all the core configurations modeled, the coolant enters the reactor at 45 'C
and 0.20 MPa. Furthermore, all cores are subject to a total coolant flow rate of approximately
1800 gallons per minute (-112.5 kg/s). 1800 gpm is the LSSS primary flow rate used in all
license applications for the MITR [6].
Figure 2.1 shows a sample PLTEMP/ANL input deck with the major components
highlighted
HEU Assemblies W/ FINNED PLATES
! 2 HEU ASSE'BLIES WITH FINS
AXIAL A-D RADIAL PEAKING
2/12 if a 5 MW CORE -- 0.42 W
! CARNAVOS CORRELATION
N! o bypass flow, %CTYP=
10 axial heat transfer nodes in the heated length of fuel plates
!Correlation Selection
1 2 3 4 5 6 7 8 9 10
-1 0 5 1 0 1 1 1 0 0
FIN GEOCETRY
0.000254 0.000254 0.000254 0.0
2 3 5.00 1.00
Using pressure driven mode
1 10 1.00
!Maximum Axial Peaking
1.67 1.67
1.00
1.4500E-04 4.48000E-03 0.00001 0.00
0.00 4.48000E-03 0.58 0.00
1.4500E-04 4.48000E-03 0.00001 0.00
! Use the code's biult-in correlation for
11 12 13 14 15 16 17 18
0 0 0 1 0
220
1.00 0
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
friction factor when using CARNAVOS
!Geometry
16 channels, 15 plates
16 3 0.00 0.5842
1.4500E-04 4.48000E-03
1.4500E-04
1.4500E-04
1.4500E-04
1.4500E-04
1.4500E-04
1.4500E-04
1.4500E-04
1.4500E-04
1.4500E-04
1.4500E-04
1.4S00E-04
1.4500-04
1.4500E-04
1.4500E-04
1.4500E-04
!PLATE WI1
0.0648
0.0648
0.0648
4.4800E-03
4.48000E-03
4.48000E-03
4.48000E-03
4.48000E-03
4.48000E-03
4.48000E-03
4.48000E-03
4.48000E-03
4.4800E-03
4.48000E-03
4.48000E-03
4.48000E-03
4.48000E-03
4.48000E-03
THS FOR Heat
0.0648
0.0648
0.0648
iRadial Peaking Factors
i Assembly 1
1.430 1.290
1.180 1.190
1.270 1.330
! Assembly 2
1.410
1.120
1.060
1.290
1.110
1.070
3 1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1. 30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1. 30E-01
Transfer
0.0648
0.0648
0.0648
1.250
1.200
1.460
1.210
1.100
1.090
0.25E-03
1. 30E-01
1.30E-01
1. 30E-01
1.30E-01
1.30E-01
1. 30E-01
1.30E-01
1. 30E-01
1.30E-01
1. 30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
Geometry
0.00 0.S5E-03 42.500
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-
0.0648 -03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 2.2400E-03
0.0648 0.0648 0.0648
0.0648 0.0648 0.0648
""""""rrri~i-~1.210rr-ar
1.210
1.210
1. 170
Radial
Peakin
1.200 1.180
1.210 1.240
1.150 1.130
1.090 1.080 1.070
! ###############################################################
! Operating Conditions
!Inlet Pressure 0.203 MPa (gravity -- 10m + 22")
!PO 0 DDP DPMAX POWER N PIN
0.0191 0.010 0.020 0.4167 45.0 0.20
0.00 0.00
50 0.0001 25.0 0.50 2.OE-03
10! #############t ##~f#a~################### ##
!Axial Power Profile
!REL HEIGHT AXIAL PEAKING FACTOR
!ASSUMING FLOW IS UPWARD
0.00 1.54
0.11 1.59
0.22 1.68
0.33 1.59
0.44 1.20
0.56 0.74
0.67 0.58
0.78 0.47
0.89 0.36
1.00 0.27
0
Axial Peaking
Figure 2.1: Sample PLTEMP/ANL input deck
Correlation
Inlet Conditions
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2.3. PLTEMP/ANL Finned Plate Correlations
The thermal-hydraulic calculations for each core evaluated were performed twice: once
with the Carnavos correlations and once with the Wong correlation for friction pressure drop and
Dittus-Boelter correlation for the heat transfer coefficient. Normally, thermal-hydraulic analysis
of the MITR-II has utilized the McAdams correlation for the friction factor. Application of the
Dittus-Boelter correlation for MITR-II thermal-hydraulic analysis always includes an
enhancement factor of 1.9. The purpose of multiplying the heat transfer area by 1.9 is because
the fins on the fuel plates increase the heat transfer area by approximately 1.9. This 1.9 was not
multiplied to the wetted perimeter during the calculation of the hydraulic diameter. It is only
used to increase the heat transfer coefficient.
2.3.1. Carnavos Correlations
The Carnavos correlations are as follows [12]
Nusselt number:
Nu = 0.023 Rea 0 .8 Pr 0.4 Afa P0(n sec 3a (2.1)( Ar Pa
Where Rea is the Reynolds number
Pr is the Prandtl number
Afa is the actual flow area (m2)
Arf is the flow area of the core flow region (m2)
Pn is the nominal wetted perimeter (m)
Pa is the actual wetted perimeter (m)
a is the helix angle
Friction Factor:
a 184 (Af 5 (cosuc) (2.2)Re
a 0 Afa
Where Afn is the nominal flow area (m2)
For the MITR channels, a is 0 and therefore does not contribute to the correlations. Thus, the a
term will not be shown in the subsequent discussion of the Carnavos correlations.
One can see that the Carnavos correlations for the Nusselt Number and friction factor are
in forms that are similar to Dittus-Boelter correlation and McAdam's correlation with geometry
correction factors. This is because both dimensionless parameters are pre-established correlations
that have been adjusted to account for the fin geometry. The Nusselt number is the Dittus-Boelter
expression multiplied by a series of flow-geometry related constants and the friction factor
correlation is the McAdams correlation multiplied by another flow geometry related constant.
These geometry-related constants are further explained with the diagram in Figure 3.2. Figure
3.2 shows top views of finned circular channels and rectangular channels. In the MITR, the fuel
geometry is like that of case b in Figure 3.2: the finned parallel plates with flow between them.
Thus, focus will mainly be on heat transfer in parallel plate flow geometry.
- t
1 bIt----  '----
Enlarged View of a Fin Cross Section
SDi
(a) Cross Section of a Circular Tube (b)
Figure 2.2: Geometry notation used for Carnavos correlation [12]
With the aid of Figure 2.2:
The actual flow area, Afa (m2 ), is:
Afa = Afn - n Ann
Where n is the number of fins per channel
Afn is the nominal flow area (m2)
Af, = WchTh
Where Wch is the channel width (m)
(2.3)
(2.4)
Wch
Flow ChannelBetween Parallel Plates
Flow Channel Between Parallel Plates!
Tch is the channel thickness (m)
Ann (m2) is the fin area
Afin = e x (t + b)
Where e is the fin height
t is the fin width at the top of the fin (m)
b is the fin width at the bottom of the fin (m)
The flow area, Afc (m2), is calculated by the following:
Af = Wch (Tch - 2e) (2.
The nominal and actual wetted perimeters, P. and Pa, are calculated by:
P = 2(WchTch) (2.
Pa = P, + nxt + 2 x e 2 + 1  2  b (2.
The nominal and actual hydraulic diameters, Dhn and Dha, are calculated by the following:
4A
Dhn = (2.
Dha = f (2.
Pa
.6)
.7)
8)
9)
10)
With the flow geometry fully defined, the Reynolds number can be calculated.
(2.5)
Mh DhaRe a = (2.11)
AfaIt
Where th is the mass flow rate (kg/s) through the channel
t is the coolant viscosity (Pa-s)
PLTEMP/ANL applies the Carnavos correlations through an iterative process to
determine the heat transfer and friction coefficients. Once the geometry is defined, the code
begins to iterate for the mass flow rate through the Reynolds number and a user-defined pressure
drop. Recall that the friction factor is [12]:
0.184 Af 0.5fa = Rea.2 fa (2.12)
With the friction factor and pressure drop, the following equation can be applied to solve for the
mass-flow rate.
Apa - 2a jL j (2.13)
Afa Dha 2 p
Where Apa is the friction pressure drop across the channel
L is the channel length (m)
p is the coolant density (kg/m3)
Once the mass-flow rate (and therefore Reynolds number) is determined, an energy
balance can be applied to determine the bulk temperature of the coolant as it moves through the
channel.
The simplified steady-state energy conservation equation for a coolant channel is given as:
Qin = rhCp (Tb,in - Tb,out ) (2.14)
Where Qi. is the heat into a control volume (Watts)
cp is the heat capacity of the fluid (J/Kg-oC )
Tb,in is the fluid bulk temperature at the inlet (oC)
Tb,out is the fluid bulk temperature at the outlet (C)
In addition, knowing the mass flow rate and Reynolds number allows PLTEMP/ANL to solve
for the Nusselt number and then the heat transfer coefficient.
Heat Transfer Coefficient, h
Nu xkh = Nu x k (2.15)Dha
Where k (W/m-K) is the thermal conductivity of the coolant
Finally, the clad, or channel wall, temperatures can be calculated by the following equation.
Qn = hAHTC (Tw -Tb) (2.16)
Where Tw is the wall temperature (oC)
Tb is the coolant bulk temperature (oC)
AHTC (m2) is the heat transfer area, calculated by the following:
AHTC = PwaL (2.17)
Where L is the length of the channel (m)
2.3.2. Wong and Dittus-Boelter Correlations
The Wong Correlation for friction drop was experimentally determined for the MITR-II
fuel plate geometry in 2008 by Susanna Wong. The Wong Correlation is as follows [1]:
f = 0.575 Re-0. 25 (2.18)
Where Re is the Reynolds number calculated by the pseudo-equivalent hydraulic diameter,
D " nned (i) [1].
Using similar notation as the Carnavos Correlations, Df"nned is calculated as follows:
D finned = 4A
S pfinned
w
(2.19)
And the wetted perimeter, P~"ned (m), is calculated
Sfinned = 2(Tch - e + Wch ) (2.20)
Note how P fjnned and Dnned are calculated based on smooth-channel geometries. The Wong
correlation was developed through treatment of finned channels as smooth channels.
The heat transfer coefficient is calculated using the Dittus-Boelter Correlation.
Nu = 0.023 Re0 8Pr0.4 (2.21)
(2.22)Nu x kh = x1.9
D 
fi nn e d
s
The 1.9 in Equation 2.32 is the incorporation of the finned heat transfer in the MITR-II fuel
plates.
2.4. Code Validation
Before calculations with PLTEMP/ANL began, the code was benchmarked against
calculations performed in Matlab. Two sets of calculations were performed with both Matlab and
PLTEMP/ANL. The first case examined is a single flat plate surrounded by two flowing light
water channels. The second case is a single finned plate (fins on both sides) surrounded by two
flowing light water channels. For the finned plate validation case, the calculations were
performed twice, once using the Carnavos correlations and once using the Wong correlation for
friction pressure drop and Dittus-Boelter correlation for heat transfer. The Matlab code used is
shown in Appendix 2.
2.4.1. Flat Plate Validation
For validation of PLTEMP/ANL calculations using the correlations for flat plates, the
following scenario was modeled: a channel sandwiched between two unfinned plates. Figure 2.3
shows a layout of this system.
Side Plate Side Plate
Unheated Unheated
Unfinned Unfinned
Flow Flow
Channel Channel
Figure 2.3: Flat plate validation layout
For the calculations using the flat plate, the plate power was set to 16.67 kW which is
calculated for average plate power in a 6 MW HEU core with 24 elements. In addition, the mass
flow rate through the flow channels is set to 0.321 kg/s. This flow rate was determined by
assuming that the total flow through the reactor is 1800 gpm (112.5 Kg/s) and that it is divided
evenly among all of the channels. The flow geometry is shown below in Table 2-1.
Table 2-1: Flat plate flow geometry
Parameter Measurement Unit
Channel Length 0.58 m
Channel Thickness
(measured from fin-base to fin-base) 1.37 mm
Coolant Channel Width 64.8 mm
Flow Area 8.89 x 10-5  m2
Wetted Perimeter 130 mm
Heated Perimeter 64.8 mm
Hydraulic Diameter 2.69 mm
Table 2-2 shows a comparison of the results from the Matlab and PLTEMP/ANL calculations.
For friction pressure drop, Wong's friction factor correlation was used, with fin height set to
zero, and the Dittus-Boelter Correlation was used for the heat transfer coefficient. As shown in
the comparison, the PLTEMP/ANL results are always within 1% of the Matlab results.
Table 2-2: Flat plate validation results
Friction Pressure Drop 6.86 kPa 6.85 kPa 0.15% 1
Tbulk at outlet 51.38 oC 51.41 oC 0.06%
Tclad at outlet 60.79 oC 60.74 C 0.08%
Bulk Temperature Rise 6.38 oC 6.41 oC 0.47%
2.4.2. Finned Plate Validation
For validation of the finned plate calculations, the same channel and plate layout from
Figure 2-3 was modeled. However, the fuel plate at the center contains fins. Figure 2.4 shows a
diagram.
Flow
Channel
Flow
Channel
Figure 2.4: Finned plate and channel layout
The finned plate calculations were performed twice, once using the Carnavos correlations and
once using the Wong correlation for friction factor and the Dittus-Boelter correlation enhanced
by 1.9 for heat transfer. The flow geometries modeled are shown in Table 2-2.
The results for the validation are shown in Table 2-4, which shows a comparison between
the Matlab and PLTEMP/ANL results for both the Carnavos and Wong correlations. The
difference between Matlab and PLTEMP/ANL are about 1% or less for all cases.
Table 2-3: Finned plate and channel flow geometries
Coolant Channel Geometry
Channel Length 0.58 m
Channel Thickness 1.37 mm
Channel Width 64.8 mm
Fins per channel 110
Fin Height 0.254 mm
Fin Width 0.254 mm
Flow Area 8.18 x 10-5  m 2
Carnavos Wong
Wetted Perimeter 190 mm 130 mm
Heated Perimeter 180 mm 64.8 mm
Hydraulic
Diameter 1.74 mm 2.48 mm
Table 2-4: Finned plate validation results
Friction Pressure Drop 7.29 kPa 7.29 kPa 0.00%
Tbulk at outlet 51.38 oC 51.41 oC 0.08%
Tclad at outlet 57.74 oC 57.93 oC 0.33%
Bulk Temperature Rise 6.38 oC 6.41 oC 0.41%
WONG
Matlab PLTEMP Difference
Friction Pressure Drop 8.7 kPa 9.2 kPa 1.12%
Tbulk at outlet 51.38 oC 51.41 oC 0.06%
Tclad at outlet 55.78 oC 55.72 oC 0.11%
Bulk Temperature Rise 6.38 oC 6.41 oC 0.41%
3. Full Channel Thermal-Hydraulic Analysis
The first set of calculations performed in PLTEMP/ANL was the full-channel
calculations. Each fuel element at the MITR-II is composed of an array of fuel plates. Coolant
flows through the gaps between the plates, called flow channels. Flow channels between fuel
plates of the same element are defined as full channels. Full channels are always between two
finned plates. All full channels of the same type of fuel are identical in geometry. The channels
at the outside ends of the fuel elements are called side channels. Side channel geometry can vary
due to the orientation and placement of the assembly within the core. This variation in flow
geometry is not taken into account in this step of the study and will be further addressed in
Chapter 4. In this set of core models, all channels in the fuel elements are assumed to be full
channels.
Figure 3.1 gives a diagram of full and side channels.
Side Full Full Side
Channel Channel Channel Channel
Figure 3.1: Diagram of full and side channels and their locations in the fuel element
PLTEMP/ANL assumes no interaction between fuel elements in the core. Each element
operates independently from its neighbors. There is no heat transfer between the fuel elements
nor are there any thermal-hydraulic effects.
Table 3-1 gives a comprehensive list of assumptions made during the PLTEMP/ANL
calculations.
Table 3-1: List of assumptions during full channel PLTEMP/ANL calculations [3]
Inlet Temperature 45 oC
Inlet Pressure 0.2 MPa
Flow Direction Upward
Coolant Type Light Water
CarnavosFriction Factor Correlation S. Wong
CarnavosHeat Transfer Correlation Dittus-Boelter with 1.9x enhancement
ONB Temperature Correlation Bergles-Rohsenow
Axial Peaking Accounted For
Radial Peaking Accounted For
End Channels/Side-Channels Not Accounted For
Assembly Interaction Not Accounted For
Dummy Elements 3 for all MIX and Homogeneous Cores
Entrance Length Not Accounted For
Minor Pressure Losses Not Accounted For
3.1. MIX-Core Configuration and Geometry
Using PLTEMP/ANL, calculations for the maximum bulk and cladding temperatures
were performed for various Transitional, or MIX, Core configurations as well as Homogeneous
Core configurations. A MIX-Core is a core that consists of both HEU and LEU elements. A
Homogeneous Core is a core that consists of only HEU or LEU fuel elements. The ONB
temperatures were also calculated for the cladding walls at the maximum temperature sites, or
hot spots. By taking the difference between the ONB temperature and the cladding temperature
at the hot spots, the minimum ONB margins were found in the different cores studied.
The MIX-Core configurations account for the different core compositions during a
gradual transition between a homogeneous all HEU fuelled core, to a MIX-Core fueled by both
HEU and LEU elements, to a homogeneous all LEU element core. The HEU elements are
switched for LEU elements three at a time, the total number of fuel elements in the core
remaining constant at 24. Additionally, for every core evaluated, the core operating power is held
constant at 6 MW and the flow rate is held constant at 1800 gpm [6]. The 6 MW power and 1800
gpm flow rate are the LSSS conditions for which the MITR-III license application was applied
[6]. All calculations for the various Transitional Cores were performed twice, once using the
Carnavos correlation for both the friction factor and the heat transfer coefficient and once using
the Wong correlation for friction factor and the Dittus-Boelter correlation for heat transfer. When
using the Dittus-Boelter correlation, the heat transfer area is enhanced by a factor of 1.9 to
account for fin effects. A comparison of results from the two correlations wasmade between the
results of the two correlations. The ONB temperatures were calculated using the Bergles-
Rohsenow correlations for all cases. The series of Transitional, or MIX, cores evaluated are
listed in Table 3-2.
Table 3-2: MIX-Core configurations
HEU 24 0
MIX-1 21 3
MIX-2 18 6
MIX-3 15 9
MIX-4 12 12
MIX-5 9 15
MIX-6 6 18
MIX-7 3 21
LEU 0 24
A maximum temperature site, or hot spot, consists of a channel sandwiched between two
hot plates. In order to determine the power at the hot plates, radial peaking factors were used.
The radial peaking factor used for the hot HEU fuel plates is 2.0 [6] and for hot LEU fuel plates
is 1.76 [4]. A detailed explanation of the radial peaking factors (F, p, and Fr,E) and their relation
to plate power is given in the following pages. In the Homogeneous Core, there is only one
maximum temperature site. In the MIX-Cores, there are two maximum temperature sites, one
among the HEU fuel elements and one among the LEU fuel elements.
For all of the cores evaluated, the power is held constant at 6 MW and the flow rate is
within 0.01% of 1800 gpm (112.5 kg/s). A complete list of the fuel element geometries is given
in Table 3-3.
Table 3-3: HEU and LEU fuel geometries [4]
Fuel Plates per
Assembly 15
Channels per
Assembly 16
Fuel Thickness 7.60x 10-4 m
Al-Clad thickness 3.80x 10-4 m
Plate to Plate dist 4.01 x 10-3  m
Water Gap 2.24x 10-3  m
Channel Thickness 2.49 x 10- 3  m
Coolant Channel
Width 6.48 x 10-2  m
Fins
Fins per
plate 220
Fin height 2.54x 10-4  m
Fin width 2.54x 10-4 m
Flow Area - nom 1.62x10-4 m
2
m
Fin Area 6.45 x 10-8  m2
Flow Area - actual 1.47 x 10-4 m
2
Pw - nom 0.135 m
Pw - act 0.246 m
Ph-nom 0.130 m
Ph-act 0.241 m
Dhn 4.80x 10-3 m
Fuel Plates Per
Assembly 18
Channels per
Assembly 19
Fuel Thickness 5.50x 10-4 m
Al-Clad thickness 2.50 x 104  m
Plate to Plate dist 3.35x 10-3  m
Water Gap 2.05 x 10-3  m
Channel Thickness 2.31 x 10-3 m
Coolant Channel
Width 6.48 x 10-2  m
Fins
Fins per
plate 220
Fin height 2.54 x 10-4  m
Fin width 2.54x 10-4 m
Flow Area - nom 1.50x10-4 m
2
Fin Area 6.45 x 10-8  m2
Flow Area - actual 1.35x 10-4 m2
Pw - nom 0.134 m
Pw- act 0.246 m
Ph-nom 0.130 m
Ph-act 0.241 m
Dhn 4.46x 10-3 m
Dha .39xiO~ m ha 220x1
3 IDha 2.39x 10- 3 m Dha 2.20 x 10-3 m
3.2 Radial Peaking Factors (F, p and Fr,,):
The power distribution in the core is determined with the use of normalized peaking
factors that are calculated in the following manner:
3.2.1 Homogeneous Core Radial Peaking
For Homogeneous Cores, the only radial peaking factor necessary for specifying the
power of the hot plate is the plate peaking factor, F,,.
qP,h
Fr,p =
qp,av
(3.1)
Where 4 P,h is the power of the hot plate
qP,av is the power of an average plate
(3.2)Pa ot4P,av AT
Where qot, is the total power, which is 6 MW
N is the total number of plates in the core
qP,av is the power of an average plate, and
F, P, is 2.0 for homogeneous HEU cores [6] and 1.76 for homogeneous LEU cores [4].
3.2.2 Transitional Core Radial Peaking
In Transitional Cores, radial peaking is defined by the product of two peaking factors: the
element peaking factor, Fr,E , and the plate peaking factor, F,,. Fr,E and F, P, are calculated
separately for LEU and HEU fuel.
3.2.2.1 Element Peaking: F,,E
F,E is the Hot Element Peaking Factor of one type of fuel:
(3.3)Fr,E ,av
qE,av
Where 4 E is the power of the hottest element of one type of fuel
E,av is the average element power of one type of fuel
The purpose of the Hot Element Peaking Factor is to define the power distribution within
the core among the elements. However, because the neutronics information for the various
Transition Core configurations are not yet complete, Fr,E is assumed to be 1.0 for all fuel types
in all cores. The maximum peaking in the fuel plates would be defined by the plate peaking
alone.
3.2.2.2 Plate Peaking:, Fr,P
F, p is the Hot Plate Peaking factor
(3.4)F,P = -
qP,av,E
Where q, is the power of the hottest plate in the hottest element of one type of fuel
qP,av,E is the average plate power in that hottest element, defined by:
qE
qP,av,E E N.N-,
Where 4 E is the power of the hottest element of one type of fuel
NP,E is the number of plates in that specific element
(3.5)
F,, is 2.0 for HEU elements [6] and 1.76 for LEU elements [4]
3.3 Axial Peaking Factor, F,
Axial peaking, Fa , input in PLTEMP/ANL is less flexible than the radial peaking.
PLTEMP/ANL only uses one axial power profile to represent the axial power distribution
through the entire core. For the axial power profile input, a series of cores were evaluated in
MCODE by Romano [15]. In each core, the axial profile was evaluated at several locations with
the control blade at various heights. The control blade heights were set to 0 cm, 21.34 cm, 35.5
cm, and 53.34 cm. The various cores evaluated were a 24-element HEU core, a 22-element HEU
core, a 24-element LEU core, and a 24-element LEU core. For each core, the axial power
profiles were examined for elements at 3 different positions, the Al, the B2, and the C3. The C3
position was specifically chosen for axial peaking evaluation because the it is adjacent to a
control blade, where axial peaking is expected to be especially high.
As a point of conservatism, the axial power profile with the highest maximum peaking
was selected from a series of power profiles, shown in Table 3-4.
Table 3-4 shows the maximum axial peaking factors of the cores and positions evaluated.
Table 3-4: Maximum axial peaking factors
HEU 22 Al 0.000 1.150
HEU 22 B2 0.000 1.126
HEU 22 C3 0.000 1.172
HEU 22 Al 21.336 1.155
HEU 22 B2 21.336 1.206
HEU 22 C3 21.336 1.357
HEU 22 Al 35.500 1.160
HEU 22 B2 35.500 1.133
HEU 22 C3 35.500 1.322
HEU 22 Al 53.340 1.159
HEU 22 B2 53.340 1.119
HEU 22 C3 53.340 1.221
LEU 22 Al 0.000 1.175
LEU 22 B2 0.000 1.103
LEU 22 C3 0.000 1.497
LEU 22 Al 21.336 1.168
LEU 22 B2 21.336 1.211
LEU 22 C3 21.336 1.682
LEU 22 Al 35.500 1.169
LEU 22 B2 35.500 1.137
LEU 22 C3 35.500 1.430
LEU 22 Al 53.340 1.169
LEU 22 B2 53.340 1.130
LEU 22 C3 53.340 1.240
HEU 24 Al 0.000 1.233
HEU 24 B2 0.000 1.117
HIEU 24 C3 0.000 1.172
HEU 24 Al 21.336 1.178
HEU 24 B2 21.336 1.159
HEU 24 C3 21.336 1.345
HEU 24 Al 35.50 1.188
HEU 24 B2 35.50 1.126
IHEU 24 C3 35.50 1.335
HEU 24 Al 53.340 1.215
HEU 24 B2 53.340 1.121
HEU 24 C3 53.340 1.211
LEU 24 Al 0.000 1.202
LEU 24 B2 0.000 1.132
LEU 24 C3 0.000 1.457
LEU 24 Al 21.336 1.173
LEU 24 B2 21.336 1.172
LEU 24 C3 21.336 1.671
LEU 24 Al 35.500 1.186
LEU 24 B2 35.500 1.120
LEU 24 C3 35.500 1.428
LEU 24 Al 53.340 1.227
LEU 24 B2 53.340 1.130
LEU 24 C3 53.340 1.258
From Table 3-4, the maximum axial peaking, shown in bold, occurs in the LEU core in
the C3 position when the control blade is at 21.336 cm. The maximum axial peaking value is
1.682. Thus, as a point of evaluating the "worst case scenario", this is the axial peaking profile
used for every core, homogeneous and transitional, evaluated in this study. Figure 3.1gives a
more detailed picture of this particular axial profile. The "Height" column indicates the position
from the bottom of the reactor core, or the flow inlet.
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Figure 3.2: Axial Peaking profile used for all calculations
3.4 Full Channel MIX-Core Calculation Results and Discussion
3.4.1 Transitional Core Temperature Results
Using the radial power peaking factors of 2.0 for HEU elements and 1.76 for LEU
elements, the thermal hydraulics of the 7 MIX-Cores and two 24-element Homogeneous Cores
were analyzed, generating an overview of how the transition from an all HEU to an all LEU
MITR-II core will behave. The axial power profile is that which is given in Figure 3.1. Again,
the power and flow rate were held constant at 1800 gpm and 6 MW, respectively. The results are
displayed in Table 3-5.
The main criteria of concern from Table 3-5 are the ONB margins, AToNB, at the hot
spots of each MIX-Core. The ONB margin at the hot spot is the minimum ONB margin in the
entire core. From Table 3-5, the ONB margins of each core type get progressively smaller as
more LEU elements are added into the MITR-III core. Both HEU and LEU fuel elements show
this same trend. The decrease in ONB margin during the HEU to LEU fuel transition is quite
small, though. From the Carnavos calculations, the ONB margin for a 24-element all HEU core
is 34.97 'C and the ONB margin in the HEU hot spot in MIX-Core 7 is 34.17 'C. The difference
is less than 1 'C. With the Wong correlation, the difference between the minimum ONB margin
in an all HEU core is also less than 1 'C. For LEU, the difference between the minimum ONB
margin in MIX-Core 1 (21 HEU elements and 3 LEU elements) and that of an all LEU core is
also less than 1 'C from both correlations. The smallest ONB margin in Table 3-5 occurs in the
HEU hot plate in MIX-Core 7, the core with 3 HEU elements and 21 LEU elements, making it
the most limiting core.
The main reason that the minimum ONB margins in the MIX-Cores become more
limiting as more HEU elements are replaced by LEU is because of the flow area. In an HEU
element, the total flow area is 2.21 x 10-3 m2, assuming an element of all full channels. The total
flow area of an LEU element of full channels is 2.44 x 10-3 m2, which is larger than that of an
HEU element. Thus, the total flow area for the reactor increases as more LEU fuel elements
replace HEU elements. With increased flow area, the friction pressure drop for the same mass
flow rate decreases. This trend can be seen in the friction pressure drop, APfriction, column of
Table 3-5. The cores with fewer HEU elements have lower friction pressure drops across the
core. The core with the highest pressure drop is the 24 element all HEU core, which has no LEU
elements. A smaller friction pressure drop for the same flow rate means slower flow velocity.
Slower flow velocity means a relatively lower heat transfer coefficient. As a result, the ONB
margins will decrease for the MIX-Cores with more LEU elements operating at the same power.
Additionally, from Table 3-5, the HEU hot plates always have smaller ONB margins than
LEU hot plates. This is mainly due to the fact that the HEU hot plate has higher heat flux than
LEU.
Thus, it can be concluded that MIX-Core 7, the core with the lowest friction pressure
drop and also still containing HEU elements, is the most limiting case.
Table 3-5: Full channel thermal-hydraulic analysis results
HEU 14.278 24 70.96 90.46 34.97 33.35 0.28 0
MIX-1 14.190 21 71.13 90.62 34.82 33.34 0.28 3 67.06 80.83 43.76 24.45 0.25
MIX-2 14.104 18 71.20 90.72 34.72 33.32 0.28 6 67.16 80.94 43.67 24.44 0.25
MIX-3 14.019 15 71.36 90.95 34.50 33.33 0.28 9 67.31 81.13 43.48 24.45 0.24
MIX-4 13.935 12 71.38 90.95 43.48 33.32 0.28 12 67.31 81.13 43.48 24.44 0.24
MIX-5 13.851 9 71.46 91.09 34.37 33.34 0.28 15 67.39 81.23 43.38 24.44 0.24
MIX-6 13.768 6 71.52 91.20 34.26 33.34 0.28 18 67.47 81.34 43.28 24.44 0.24
MIX-7 13.686 3 71.56 91.29 34.17 33.33 0.28 21 67.53 81.42 43.20 24.44 0.24
LEU 13.605 0 24 67.62 81.54 43.09 24.46 0.24
HEU 13.591 24 69.52 82.73 42.60 33.35 0.30 0
MIX-1 13.512 21 69.67 82.86 42.47 33.32 0.29 3 65.97 74.98 49.54 24.45 0.25
MIX-2 13.433 18 69.73 82.94 42.39 33.34 0.28 6 66.06 75.07 49.45 24.44 0.25
MIX-3 13.354 15 69.82 83.05 42.29 33.33 0.29 9 66.15 75.17 49.36 24.45 0.25
MIX-4 13.354 15 69.82 83.05 42.29 33.33 0.29 9 66.15 75.17 49.36 24.45 0.25
MIX-5 13.277 12 69.88 83.13 49.30 33.32 0.29 12 66.22 75.23 49.30 24.44 0.25
MIX-6 13.200 9 69.96 83.24 42.10 33.33 0.29 15 66.29 75.32 49.21 24.44 0.25
MIX-7 13.124 6 69.99 83.28 42.06 33.29 0.29 18 66.33 75.36 49.17 24.41 0.25
LEU 13.591 3 70.05 83.40 41.94 33.33 0.29 21 66.42 75.47 49.07 24.44 0.25
HEU 12.973 0 24 66.51 75.58 48.97 24.44 0.25
3.4.2 Sensitivity Study
Because of the changing nature of the neutronics in the MITR-II core, a sensitivity study
of the system's response to increased power peaking was performed. The PLTEMP/ANL
calculations for the 21 HEU-3 LEU Transitional cores and the 24 element Homogeneous HEU
and LEU cores were repeated with series of different radial peaking factors, again, using both
Carnavos and Wong Correlations. The peaking factors used for the Homogeneous Core analysis
are listed in Table 3-6 and the peaking factors used for the Transitional, or Mix, Core are listed in
Table 3-7. For the Mix-Core analysis, the LEU and HEU may not have the same radial peaking
factor. This was taken into account during these calculations. Thus, Table 3-7 has an additional
column with the HEU peaking factor being 2.00 and the LEU peaking factor being 1.76 (Run 1).
Afterwards, plots of hot channel power (q) divided by the mass flow rate (mrate)versus
peaking factors were created and the trends observed. These plots are shown in Figures 3.3 and
3.4.
The trends from the sensitivity study plots all appear to be linear. Additionally, they show
that with increased peaking of the hot plates the q/mrate of the hot channel increases at a
predictable rate. This is the case for both the Mix Cores and the Homogenous Cores.
More importantly, the calculations showed that even when the HEU and LEU radial
peaking factors are different, the q/mrate values for the hot channels still conform to the same
linear trend as when LEU and HEU fuel elements have the same radial peaking factors. This fact
allows for future calculations in which the maximum radial peaking factors of the MIX-Cores
analyzed to be much simpler. The analysis for the variation of the peaking factors will not have
to include the case where the HEU and LEU peaking factors are different.
Table 3-6: Radial peaking factors of Homogeneous Cores calculated
SHEU 1.50 1.76 I 2.00 2.50
LEU 1.50 1.76 2.00 2.50
Table 3-7: Radial peaking factors of MIX-Cores calculated
HEU 2.00 1.50 1.76 1 2.00 2.50 
LEU 1.76 1.50 1.76 2.00 2.50
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Figure 3.3: q/mrate v. Radial Peaking in HEU elements in Homogeneous and MIX-1 Cores
using the Carnavos correlation
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Figure 3.4: q/mrate versus Radial Peaking in LEU elements in Homogeneous and MIX-1 Cores
using the Wong correlation
3.4.3 Peaking Factor and ONB Margin
During the transition between HEU and LEU fuel, the ONB margin (ATONB) is a crucial
safety limit that will need to be monitored. However, the AToNB is highly dependent on the radial
peaking factor, Fr, of the hot plate. Thus, calculations were performed to predict AToNB as a
function of Fr in the various MIX core configurations. AToNB was calculated for Fr equaling 1.5,
1.76, 2.0, and 2.5 for all 7 MIX cores and the 2 Homogeneous cores using both the Carnavos and
Wong Correlations. Table 3-8 shows a list of the hot plate powers for the HEU and LEU fuel
plates at the different peaking factors in a 6 MW core. The hot HEU and LEU plate powers are
the same for all of the MIX-Core configurations. This concept plays a huge role in the
determination of maximum reactor operating power for the different MIX-Cores.
hot plate powers at different peaking factors
Peaking HEU (kW) LEU (kW)
1.50 25.00 20.83
1.76 29.33 24.44
2.00 33.33 27.78
2.50 41.67 34.72
The results of the ONB margin analysis are displayed in Table 3-9. All cores evaluated
operated at 6 MW with flow rate of 1800 gpm. Additionally, because it has been shown that the
flow rate through the hot channel is the same regardless of whether or not Fr is the same for both
HEU and LEU elements, the evaluation for Table 3-8 accounted only for both HEU and LEU
elements at the same Fr.
Table 3-8: HEU and LEU
Table 3-9: ONB margins for various Fr in the different MIX-Cores
CARNAVOS WONG
HEU LEU HEU LEUFr AhT . (°C ~AT, D (°C AT .... (°C AT ... (C
1.76 39.49 43.78 46.27 49.55
2.00 34.82 39.68 42.47 46.19
. 50 25 13 311 30 34 71 39 32
MIX Core 3 1.50 44.39 48.06
1.76 39.27 43.55
2.00 34.60 39.46
2.50 25.02 31.01
MIX Core 5 1.50 44.21 47.91
1.76 39.08 43.38
2.00 34.37 39.24
2.50 24.76 30.76
MIX Core 7 1.50
1.76
2.00
2.50
44.05
38.90
34.18
24.52
I
50.25
46.09
42.29
34 49
50.11
45.93
42.10
3427
49.98
45.79
41.95
34.09
47.74
43.20
39.05
30.52
FE53.0549.3646.00
39 OR
52.92
49.21
45.82
3887
52.78
49.07
45.66
38.67
3.4.4 Verification of Peaking Factor Results
3.4.4.1 Comparison of Pressure Drop with Ko Results
As a point of verification, the results from the PLTEMP/ANL calculations were
compared to those generated by Ko [4], specifically the values for the friction pressure drop in
the Homogeneous LEU and Homogeneous HEU cores. Ko calculated the friction pressure drops
for a 22-element HEU core and a 22-element LEU core. The elements in the LEU core contained
18 plates each. The difference in friction pressure drop between the two cores was found to be
4.1% in Ko's calculations.
In the PLTEMP/ANL calculations, the Homogeneous Cores evaluated were a 24-element
HEU core and a 24-element LEU core. The difference in friction pressure drop between the HEU
and LEU cores were found to be 4.72% using the Carnavos Correlation and 4.5% using the
Wong Correlation. The results are listed in Table 3-9.
Table 3-10: Friction Pressure Drop Verification [4]
Ko 35.84 34.38 4.10%
Carnavos 14.28 13.60 4.72%
Wong 13.59 12.97 4.55%
There is a significant discrepancy between PLTEMP/ANL results and Ko's results. The
discrepancies are likely to have resulted from the fact that the cores Ko analyzed contained 22
elements where as those analyzed via PLTEMP/ANL contained 24. However, even though Ko's
cores had fewer elements, they still had the same flow rate as the 24 element cores. Additionally,
Ko also used different correlations to calculate the pressure drop, which also may have
contributed to the discrepancy. Finally, Ko's calculations included the gravity pressure drop,
whereas the PLTEMP/ANL calculations did not.
3.4.4.2 ONB Margin as a Function of Axial Peaking
Verification of the ONB margin involved comparing the location of the maximum
cladding temperature to the location of the minimum ONB margin in the hot plate. The minimum
ONB margin is then compared to the location of the maximum axial peaking factor. The results
are shown in Figure 3.4, which is composed of results from MIX-Core 1.
From Figure 3.4, one can see that the location of the minimum ONB margin corresponds
to the location of the maximum cladding temperature at approximately 16 cm from the bottom of
the flow inlet. Additionally, the location of the minimum ONB margin is very close to the
location of the maximum axial peaking.
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Figure 3.5: Axial ONB margins for the HEU hot plate in MIX-Core 1
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3.4.5 Full Channel Entrance Length
Another issue that may require consideration is the effect of the developing region of the
turbulent flow in the channels at the entrance, or the entrance length. At the entrance region, the
heat transfer coefficient is highly sensitive to the Reynolds Number, the Prandtl Number, the
heat flux shape, and the entrance conditions of the coolant [7]. At the entrance region, the heat
transfer coefficient decreases from a theoretical infinite value to the asymptotic value, which is
the average heat transfer coefficient at the fully developed region. Fortunately, the entrance
length for turbulent flow is extremely short compared to the total length of the channel. The
entrance length, z, is calculated by the following [7]:
= 25 - 40 (3.1)
Dha
Where Dha is the actual hydraulic diameter.
In this project, the flow regime will always be turbulent.
Additionally, for the flow conditions of this project: Reynolds greater than 10000 and
Prandtl Number between 0.7 and 120, the Nusselt number at the developing region can be
approximated as the following [7]:
Nu = Nu , 1 + a (3.2)
Where Nu is the Nusselt Number in the entrance length
NuX is the Nusselt Number in the fully developed region
Dha is the hydraulic diameter
L is the total length of the channel
The entrance lengths for the full channels are shown in Table 3-11. In addition, Table 3-
Nu
11 also shows the ratio of Nu to Nuo, or N . Additionally, Table 3-11 only shows theNu0
entrance results as predicted by the Carnavos correlation because the Wong correlation for
friction factor is calculated using the De of a smooth channel, which does not correctly reflect
the effect of finned channel in entrance length calculations.
Table 3-11: Entrance length analysis of full channels
HEU 2.39x10-3 5.58x10- 2  10.2 9.56x10-2 16.4 1.02
LEU 2.20x 10- ' 5.50x 10-2  9.4 8.80x 10-2  15.1 1.02
From Table 3-11, the entrance length can be up to 16.4% of the total channel length of 0.5842 m
using the Carnavos correlation. Although, the entrance length accounts for a about 15% of the
total channel length, its effect on the Nusselt Number, and therefore the heat transfer coefficient,
is insignificant. Thus, the calculations performed in this project are valid, and err on the
conservative side.
3.4.6 Full Channel Form Pressure Drop
As shown in Equation 1.4, the total pressure drop through the core is composed of the
friction pressure drop and the form pressure drop, or form loss. The main sources of form loss
are from the coolant entering the fuel channels and then exiting the fuel channels, or where the
coolant experiences a sudden change in flow area. The form loss, APyo,,, of the coolant can be
calculated by the following equation [7]:
APform = Ki, v+ K ~ (3.1)
2 out 2
Where Kin is the form loss coefficient at the inlet
Kout is the form loss coefficient at the outlet
p is the coolant density in the channel
v is the reference velocity, or the velocity in the coolant channel
From the coolant inlet pressure of 0.2 MPa and inlet temperature of 45 IC described in Table 3-1,
the inlet coolant density is 990.26 kg/m3 [16]. The velocity is the reference velocity, which is the
velocity in the channel. Finally, K, the form loss coefficient, is 0.5 at the entrance for a sharp-
edged entrance and 1.0 at the exit [7].
Table 3-12 shows the form losses for the HEU and LEU full channels at the hottest channels.
For the cores in Table 3-11, the operating power is 6 MW and the total flow rate is 1800 gpm.
Additionally, the HEU maximum radial peaking factor is 2.0 and the LEU maximum radial
peaking factor is 1.76.
Table 3-12: Form losses of HEU and LEU full channels
HEU HEU 1.97 2.88 14.28
MIX-1 HEU 1.96 2.85 LEU 1.84 2.51 14.19
MIX-2 HEU 1.95 2.82 LEU 1.83 2.49 14.10
MIX-3 HEU 1.95 2.82 LEU 1.83 2.49 14.02
MIX-4 HEU 1.94 2.80 LEU 1.82 2.46 13.94
MIX-5 HEU 1.94 2.80 LEU 1.82 2.46 13.85
MIX-6 HEU 1.93 2.77 LEU 1.81 2.43 13.77
MIX-7 HEU 1.92 2.74 LEU 1.81 2.43 13.69
LEU LEU 1.80 2.41 13.61
HEU HEU 2.05 3.12 13.59
MIX-1 HEU 2.05 3.12 LEU 1.91 2.71 13.51
MIX-2 HEU 2.04 3.09 LEU 1.91 2.71 13.43
MIX-3 HEU 2.03 3.06 LEU 1.91 2.71 13.35
MIX-4 HEU 2.03 3.06 LEU 1.90 2.68 13.28
MIX-5 HEU 2.02 3.03 LEU 1.89 2.65 13.20
MIX-6 HEU 2.01 3.00 LEU 1.89 2.65 13.12
MIX-7 HEU 2.01 3.00 LEU 1.88 2.62 13.59
LEU LEU 1.87 2.60 12.97
From Table 3-12, one can see that the APforn is much smaller than APfricon. and
comparable in all cores and fuel types. As a comparison, MIX-Core 7 was analyzed with the
entrance and exit form losses included. The results of PLTEMP calculations with form losses are
compared with the results from calculations without the form losses. The results are presented in
Table 3-12.
From Table 3-13, the effects of the form losses at the entrance and exit appear to be
negligible on the mass flow rates through the core and hot channels. The coolant mass flow rate
is the main factor in determining the heat transfer between the clad and the coolant.
Table 3-13: Results of MIX-Core 7 mass flow rate calculations for full channels with and
without entrance and exit form loss effects
Total Mass Flow Rate
HEU Hot Channel Flow 0.28 kg/s 0.28 kg/s
HEU Hot Channel Velocity 1.92 m/s 1.93 m/s
LEU Hot Channel Flow 0.24 kg/s 0.24 kg/s
LEU Hot Channel Veloci 1.81 m/s 1.81 m/s
Total Mass Flow Rate 112.50 kg/s 112.87 kg/s
HEU Hot Channel Flow 0.29 kg/s 0.29 kg/s
HEU Hot Channel Velocity 1.99 m/s 2.01 m/s
LEU Hot Channel Flow 0.25 kg/s 0.25 m/s
LEU Hot Channel Veloci 1.88 kg/s 1.89 m/s
112.50 kg/s 112.75 kg/s
4. Special Consideration for Side Coolant Channels
4.1. Side Channel Geometry and Assumptions
Channel geometry within the MITR-II is not uniform throughout the entire core. This
variation of channel geometry is the result of two factors: the design of the fuel element shape
itself and also the element's placement within the core.
Due to the design of the MITR-II fuel element, the two channels on the end of the array
of plates are thinner than those in the center because the fuel plates are held within an aluminum
casing. These outside channels, or side channels, are only heated from one side by a fuel plate.
The aluminum side plate is unheated and unfinned. These half-heated side channels come in two
varieties in a transitional core: an HEU side channel and an LEU side channel. An HEU side
channel is wider than half of an HEU full channel. The LEU fuel plates have not been fabricated
at the current time, and therefore thorough dimensions and tolerances are unavailable. Thus, the
LEU side channel geometry is estimated to be half the width of a full LEU flow channel.
In addition to the side channels, there is one more type of channel geometry, the
combined side channel. A combined side channel is formed when two side channels are
adjacent to each other. Thus, there can be three different combined side channels: an HEU
combined side channel formed from 2 HEU side channels, an LEU combined side channel
formed from 2 LEU side channels, and a hybrid combined side channel, formed from an HEU
side channel is placed next to an LEU side channel. Of these three types of combined side
channels, the LEU combined side channel is simply a full LEU channel, and will therefore not be
further analyzed. The HEU combined side channel is larger than a full HEU channel. The hybrid
combined side channel is a flow channel that is larger than both a full HEU and LEU channel.
All combined side channels are heated from both sides.
A comparison of side channels and full channel geometries is shown in Table 4-1.
Additionally, diagrams of the side and combined side channels are shown in Figures 4.1, 4.2, and
4.3.
As with the full-channel analysis, the side channel analysis also do not take into
consideration element-to-element heat transfer. This is a limitation within PLTEMP/ANL.
Table 4-1: Side Channel geometries. The "C" and the "S" after the element type indicates the
correlation used: "C" for Carnavos and "W" for Wong.
From Table 4-1, the hydraulic diameter and wetted perimeter used for the Wong
correlations are significantly different from that of the Carnavos correlations. This is due to the
fact that the Wong correlations treat a finned channel as a smooth channel with the channel
thickness reduced by the height of the fins. The wetted perimeter and hydraulic are calculated
based on this geometrical abstraction.
Because of the reduced flow area in the HEU and LEU side channels, special
considerations for these channels must be taken during the analysis of the reactor core. However,
these side channels account for less than 7% of the total flow area of the reactor core. This means
that the effect of the side channels on the total frictional pressure drop is minimal. As a result,
thermal-hydraulic analysis of the side channels can be performed independently of the rest of the
core, with the assumption that the side channels are subject to the same frictional pressure drop
as the rest of the core. In other words, the side channel calculations for each of the different
MIX-Core cases were calculated in a separate PLTEMP/ANL run, but the pressure drop input
used for each of the side channel calculation is the same as the one used in the calculation for the
total core with all full channels.
4.2. Side Channel Entrance Length
As a brief addendum to the side channel geometries, the entrance lengths of the side
channels will be noted here. From Table 4-1, a list of the side channel hydraulic diameters is
given. From Table 4-1 and Equations 3.1, the different entrance lengths for the side channels can
Nube calculated. Additionally, using Equation 3.2, the ratio of was also determined for all
Nu.
channel types. The results are shown in Table 4-2. Like Table 3-11, Table 4-2 only shows
entrance lengths calculated by the Carnavos correlation De, as the Wong correlation De does not
account for the finned channel geometries.
Again, the percentage of total length of the flow channel that the entrance length occupies
is as high as 33.3%. However, the effect of the entrance length on the Nusselt Number is still
Nu
small, given that the highest N ratio was only 1.03. The increase heat transfer rate in theNu
developing region is not accounted for in this study for simplicity and is a conservative
assumption.
Table 4-2: Entrance lengths of flow channels
4.3. Side Channel Form Loss
While it has been shown in Section 3.4.6 that the form loss through the flow channels
generally has little effect on the thermal-hydraulic characteristics of the coolant, the calculations
of the effect of the form loss through the side and combined side channels in MIX-Core 7 were
still performed for completeness. The results are shown in Table 4-3. As predicted, the form loss,
again, had little influence on the coolant flow rate through the coolant channels. Table 4-3
provides justification to disregard the effects of form loss on the total friction pressure drop and
the coolant mass flow rate. Thus, for the rest of this project, the entrance and exit form losses
will not be further considered.
Table 4-3: Results of MIX-Core 7 mass flow rate calculations for all channels with and without
entrance and exit form loss effects
Total ri 112.50
kg/s
112.75
kg/s
HEU Hot 0.28 0.126 0.1260.28 kg/s 0.33 kg/s 0.33 kg/sChannel rh kg/s kg/s kg/s
HEU Hot
Channel 1.92 m/s 1.93 m/s 1.56 m/s 1.56 m/s 2.03 m/s 2.03 m/s
Velocity
LEU Hot 0.24 0.100 0.100LEU Hot 0.24 kg/s 0.24 kg/s 0.24 kg/sChannel mi kg/s kg/s kg/s
LEU Hot
Channel 1.81 m/s 1.81 m/s 1.51 m/s 1.51 m/s 1.81 m/s 1.81 m/s
Velocity
Full Channel Half Channel Combined Side Channel
loss loss loss loss loss
Total rh 112.50 112.87
kg/s kg/s
HEU Hot 0.29 0.108 0.108S0.29 kg/s 0.35 kg/s 0.35 kg/sChannel h kg/s kg/s kg/s
HEU Hot
Channel 1.99 m/s 2.01 m/s 1.33 m/s 1.34 m/s 2.14 m/s 2.15 m/s
Velocity
LEU Hot 0.078 0.078LEU Hot 0.25 kg/s 0.25 m/s 0.25 kg/s 0.25 m/sChannel hi kg/s kg/s
LEU Hot
Channel 1.88 kg/s 1.89 m/s 1.17 m/s 1.17 m/s 1.88 kg/s 1.89 m/s
Velocity
4.4. Side Channel Peaking Location
Preliminary MCODE calculations have been performed to pinpoint the location of the
maximum Radial Peaking Factors (Fr) within the MITR-II core. MCODE models have been
created for five different cores: an all HEU 22-element core, an all HEU 24 element core, an all
LEU 22 element core, an all LEU 24-element core, and MIX Core 1 (21 HEU-3 LEU). In every
MCODE simulation, the hottest plate within an element has been found to be the plate on the
edge of the element', or the plate adjacent to a side channel [15]. This is one of the primary
reasons the side channels are such a priority during the HEU to LEU fuel transition analysis.
The Axial Peaking Factors (Fa) used during the side channel calculations were the same
as those used for all the other cores. The axial power profile is still the one shown in Figure 3.1
with a maximum Fa of 1.68.
4.5. Side Channel and Hot Plate Placement
For the side channel analysis, a single element, representing a hot element in a particular
MIX-Core, was considered in PLTEMP/ANL. This single element contained one side channel on
the end that was heated only from one side. For consistency with the whole-core calculations, the
element contained two hot plates on the end. The hot plate powers were the same as the ones in
the corresponding MIX-Core scenario that the element is considering. The rest of the plates in
the element are of average power, the value of which is also derived from the corresponding
MIX-Core. Additionally, the side plate is flat and features no fins, unlike the fuel plates. The hot
plate layout is shown in Figure 4.1. Flow is perpendicular to the page.
See Appendix 3 for MCODE tables
Side Full
Channel Channel Channel
Figure 4.1: Side channel hot plate layout
For the combined side channel analysis, a similar approach was taken. However, instead of
putting the side channel on the end of the element, it was placed in the middle. Thus, the element
modeled can be thought of as half of two elements, side by side. The combined side channel is
sandwiched between two hot plates. The plates on either side of the combined side channel and
the full channels are all finned. The hot plate layout is shown in Figure 4.2. Flow is
perpendicular to the page.
Comb
Side
Chan
Figure 4.2: Combined side channel hot plate layout
For all of the side channel cases, both LEU and HEU elements were modeled. All HEU
elements contained 15 plates with 16 channels (14 full and 2 sides). All LEU elements contained
18 plates with 19 channels (17 full and 2 sides).
The hybrid combined side channel calculations were not performed for all seven MIX-
Cores because of two limitations in PLTEMP/ANL. First, PLTEMP/ANL does not consider heat
transfer between two different elements within the same core. Second, PLTEMP/ANL is unable
to model a single element with multiple axial fuel plate geometries. As a result, PLTEMP/ANL
is unable to accurately model the hybrid combined side channel case. An estimated case was
calculated for MIX-Core 7. This case modeled fuel plates with axial plate geometry of only HEU
fuel. However, this case modeled accurate HEU and LEU channel geometries, plate powers, and
flow rates. Additionally, MIX-Core 7 was the core chosen for this particular model because it is
the most limiting, having the lowest flow velocity because of it posses the lowest friction
pressure drop among all the cores. Figure 4.3 shows a layout of this hybrid combined side
channel layout. All channels in the hybrid combined side plate model are between finned plates.
For the MIX-Core 7 hybrid combined side channel calculation, the HEU radial peaking
factor was set to 2.0 and the LEU radial peaking factor was set to 1.76. Again, flow is
perpendicular to the page.
Hybrid
Comb
Side
Chan
Figure 4.3: Hybrid combined side channel hot plate layout
4.6. Side Channel Results and Discussion
The analyses of the different side channels were focused primarily on the three cases of
the HEU side channel, the LEU side channel, and the HEU combined side channel. For each
case, the ONB temperature margin, AToNB, was examined. For all cores evaluated, the HEU
peaking factor was set to 2.0 and the LEU peaking factor was set to 1.76. The results are shown
in Table 4-4.
Table 4-5 shows the results of the hybrid combined side channel case performed for
MIX-Core 7.
From Table 4-4, one can see that AToNB is approximately 5 degrees lower for the side
channels using the Carnavos correlation and 7 degrees lower for the side channels using the
Wong and Dittus-Boelter correlations than their corresponding full channel cases.
A comparison of flow rates for the different channel types in a 6 MW MIX-Core 7 is
shown in Tables 4-6 and 4-7.
The fact that the HEU combined side channel is always less limiting than the full channel
in the same core is not unexpected. The HEU combined side channel is a larger channel than the
full channel, which means higher mass flow rate. The HEU combined side channel is heated by
the same heat flux as the full channel. As a result, the HEU combined side channel will always
have a lower ONB margin than the HEU full channel.
Additionally, the fact that the hybrid combined side channel is less limiting than a full
channel is also not surprising. The hybrid combined side channel is heated with one HEU hot
plate and one LEU hot plate; effectively, it receives half of the heat flux that an HEU hot channel
typically gets and half of the heat flux an LEU hot channel typically gets. However, the hybrid
combined side channel is comprised of an LEU side channel, which is half of an LEU full
channel, and an HEU side channel, which is more than half of an HEU full channel. Thus, it is
cooled by more than half of an HEU channel and an LEU channel. As a result, its ONB margin
should be on the HEU fuel plate with a value that is larger than a typical HEU ONB margin but
smaller than a typical LEU ONB margin.
The behavior of the side channel being more limiting than the full channel is less
intuitive. The side channels may be smaller, but it is only heated from one side. However, Tables
4-6 and 4-7 lay out the reason. In both tables, there is a column that gives the ratio of the mass
flow rate to heat in (Flow rate/Qin) for each of the different channel types. This ratio, the m/Qin,
is key to explaining the ONB margins of all of the different types of channels.
Motion of the coolant through the channels is the driving force behind transferring heat
from the cladding on the fuel plate to the coolant, and thereby reducing the ONB temperature
margin. The greater the flow rate per unit power will mean greater heat transfer. Thus, from
Table 4-6 and 4-7, the side channels of an element type always have the smaller m/Qin ratio than
the full and combined channels in the same element. As a result, side channels will always be
more limiting than the full and combined side channels. Additionally, the hybrid combined side
channel always has higher m/Qin in ratio than the side channel, which explains why the hybrid
combined side channel is never the limiting case.
From Table 4-4, the HEU side channel is always the most limiting case for every core.
This trend is not fully explained by the m/Qin ratio. From the Carnavos correlation, the m/Qin
ratio of an HEU side channel is the smallest among all of the different cores. However, when
calculated with the Wong correlation (Table 4-7), the m/Qin ratio of the HEU side channel is
slightly higher than that of an LEU side channel. Still, the HEU side channel ONB margin is
smaller than that of an LEU side channel, even when calculated using the Wong Correlation.
This anomaly may be explained by looking at the velocities of the two channels. Flow velocity is
a huge factor in determining the heat transfer coefficient during forced convection. Even though
the HEU side channel has higher flow velocity, the HEU side channel also receives more heat
flux. Thus, if one compares the ratio of velocity to heat in, v/Qin, the HEU side channel has a
v/Qin ratio of 0.081 and the LEU side channel has a v/Qin ratio of 0.097. The fact that the LEU
side channel has a larger v/Qin ratio explains why it is less limiting than the HEU side channel.
Table 4-4: Side Channel thermal-hydraulic analysis results
HEU 14278 33.35 90.46 34.97 89.05 36.46 96.35 29.61
MIX-1 14.190 33.34 90.62 34.82 89.19 36.33 96.51 29.46 24.45 80.83 43.76 80.83 43.76 85.13 39.95
MIX-2 14.104 33.32 90.72 34.72 89.34 36.19 96.64 29.34 24.44 80.94 43.67 80.94 43.67 85.17 39.91
MIX-3 14.019 33.33 90.95 34.50 8926 36.25 96.52 29.45 24.45 81.13 43.48 81.13 43.48 85.17 39.91
MIX4 13.935 33.32 90.95 43.48 89.54 35.99 96.92 29.06 24.44 81.13 43.48 81.13 43.48 85.44 39.65
MIX-5 13.851 33.34 91.09 34.37 89.63 35.90 97.02 28.96 24.44 8123 43.38 81.23 4338 85.52 39.57
MIX-6 13.768 33.34 9120 3426 89.48 36.03 97.07 28.91 24.44 81.34 4328 81.34 43.28 85.59 39.50
MIX-7 13.686 33.33 9129 34.17 89.82 35.71 9726 28.72 24.44 81.42 4320 81.42 4320 85.68 39.42
LEU 13.605 24.46 81.54 43.09 81.54 43.09 85.75 39.35
WONG
HEU LEU
IEU LEU
F'ul Channels Combined Side Side Channel FullChannels Combined Side Side Channel
Channel Chanel
APf 4Ma T" ATONB T" ATO Td ATO max Tcw ATg B T" ATue Td AT"
RUN (kPa) (M CC) C)(C) CC) (C) CC) CC) CC) CC) CC) CC) CC)
HEU 13.591 33.35 82.73 42.60 81.44 43.99 88.11 36.98
MIX- 13.512 33.32 82.86 42.47 81.55 43.88 8823 36.86 24.45 74.98 49.54 74.98 49.54 81.08 42.38
MIX-2 13.433 33.34 82.94 42.39 81.67 43.76 88.35 36.75 24.44 75.07 49.45 75.07 49.45 81.11 42.35
MIX-3 13.354 33.33 83.05 4229 81.70 43.73 88.35 36.74 24.45 75.17 49.36 75.17 49.36 8121 4226
MIX4 13277 33.32 83.13 49.30 81.84 43.60 88.58 36.52 24.44 7523 4930 7523 4930 8136 42.11
MIX-5 13200 33.33 8324 42.10 81.91 43.53 88.67 36.44 24.44 75.32 4921 75.32 4921 81.44 42.04
MIX-6 13.124 3329 8328 42.06 81.79 43.63 88.72 36.39 24.41 75.36 49.17 7536 49.17 81.50 41.97
MIX-7 13.591 33.33 83.40 41.94 82.06 43.38 88.88 3624 24.44 75.47 49.07 75.47 49.07 81.58 41.90
LEU 12.973 I _ 24.44 75.58 48.97 75.58 48.97 81.65 41.83
Table 4-5: MIX-Core 7 hybrid combined side channel results
HEU 34.17 28.72 35.71
LEU 43.20 39.42 43.20
Hybrid 39.52
WONG AToNB (oC)
Full Side Combined
HEU 41.94 36.24 43.38
LEU 49.07 41.90 49.07
Hybrid 48.25
Table 4-6: 6 MW MIX-Core 7 channel flow rates from the Carnavos correlations. Peaking
factors 2.0 for HEU and 1.76 for LEU.
HE U - Full 33.33 0.28 1.92
HEU - Side 16.67 0.13 1.56 7.80x 10-3
HEU - Combined Side 33.33 0.33 2.05 9.90 x 10-3
LEU - Full 24.44 0.24 1.81 9.82 x 10-3
LEU - Side 12.22 0.10 1.50 8.18 x 10-3
LEU - Combined Side 24.44 0.24 1.81 9.82 x 10-3
Hybrid Combined Side 28.89 0.28 1.93 9.69 x 10-3
Table 4-7: 6 MW MIX-Core 7 channel flow rates from the Wong correlations. Peaking factors
2.0 for HEU and 1.76 for LEU.
HE U - Full 33.33 0.28 2.01 8.70x 10-3
HEU - Side 16.67 0.13 1.35 6.46 x 10-3
HEU - Combined Side 33.33 0.33 2.14 1.05 x 10-2
LEU - Full 24.44 0.24 1.88 1.02 x 10- 2
LEU - Side 12.22 0.1 1.18 6.38 x 10- 3
LEU - Combined Side 24.44 0.24 1.88 1.02 x 10-2
Hybrid Combined Side 28.89 0.28 1.76 7.96 x 10- 3
8.40 x 10-3
5. Proposed Operating Limits for Transitional (MIX) Cores
5.1. Determination of Operating Power Limits
The operating limits in reactor power were evaluated based on the ONB margin of a 24-
element HEU core. The 24 fuel element HEU core is the case for which the MITR-III license
application was based [6]. Because the safety limits were approved for that core operating at 6
MW, the safety limits for the other transitional cores should be determined relative to the 24-
element license case. Thus, for setting the power limit for the mixed cores, the power level was
iterated until the ONB margin at the hot plates is equivalent to that calculated for the 24-element
HEU case.
5.2. Fixed Radial Peaking Operating Limit
For the MITR-III license application, the maximum allowable HEU radial peaking factor
was determined to be 2.0. Additionally, in Ko's study, the maximum allowable LEU radial
peaking factor was determined to be 1.76 [4]. Taking these two peaking factor maxima as a
worse case scenario, the 7 MIX-Cores were analyzed for their ONB margins at the hot plates
using both Carnavos and Wong correlations. It was found during the full and half channel
analyses that the minimum ONB margin always occurs at the HEU hot spot for every core except
for the 24 Element LEU core because there are no HEU elements in that core. Thus, the power
limit calculations focused only on the HEU elements in the MIX-Cores.
For each of the different MIX-Cores, the reactor power was scaled back from 6 MW until
the minimum ONB margin in the HEU hot element was 34.97 'C for the Carnavos calculations
and 47.60 'C for the Wong calculations . Those are the ONB margin from the 24-element HEU
Core. Separate calculations were performed with the hot plate next to a full channel and the hot
plate next to a side channel. The results are shown in Figures 5.1 and 5.2, which are plots of
allowable operating power as a function of how many LEU elements in the reactor core. Not
unexpectedly, the half channel power limit is much lower than the full channel power limit.
For the 24 element LEU core, it was determined that even at 6 MW power, the minimum
ONB temperature margin is larger than the minimum ONB margin of the 24 element HEU core.
This is the case for both full and half channels adjacent to the LEU hot plates.
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Figure 5.1: Fixed peaking factor power limits using Carnavos correlations
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Figure 5.2: Fixed peaking factor power limit using Wong correlations
5.3. Variable Radial Peaking Operating Limit
In the event that the maximum peaking factors in the different cores are not fixed at 2.0
for HEU and 1.76 for LEU, the reactor power would need to be adjusted to accommodate for
such a scenario. Thus, a series of calculations was performed to evaluate the ONB conditions in
which the maximum peaking factors varied from 1.0 to 2.6 in increments of 0.2. For this set of
calculations, the only core evaluated was MIX-Core 7. MIX-Core 7 has always been the core
with the smallest ONB margins in the HEU elements for a given power. Thus, it can be treated as
the limiting case for the variable radial peaking factor operating power limit calculations. The
calculation methodology is the same as that for which the fixed radial peaking power operating
limits were performed. For each different maximum peaking factor, the core power was adjusted
so that the ONB margin at the hot plate cladding matched that of the hot plate of the 24 Element
HEU core. The minimum ONB margins for the different peaking factors were calculated with
both the Carnavos and Wong Correlations. Additionally, the ONB margins were predicted for
both HEU and LEU elements at each different maximum peaking factor. Finally, the calculations
were performed for full and half channels adjacent to the hot plates. The results for the power
limit calculations are presented in Table 5.1. Plots of the results are shown in Figures 5.3 and 5.4.
In the two figures, the maximum allowable reactor power is indicated by the dashed line.
Table 5-1: Variable peaking factor power limits (MW)
HEU-full LEU-full HEU-half LEU-half I
1.0 11.50 13.02 10.30 11.85
1.2 9.65 10.95 8.60 9.85
1.4 8.31 9.45 7.35 8.47
1.6 7.30 8.30 6.45 7.40
1.8 6.51 7.41 5.72 6.60
2.0 5.87 6.69 5.15 5.94
2.2 5.35 6.10 4.68 5.40
2.4 4.92 5.59 4.30 4.95
2.6 4.54 5.17 3.95 4.55
Fr HEU-full LEU-full HEU-half LEU-half
1.0 11.40 12.42 9.95 10.33
1.2 9.60 10.53 8.30 8.63
1.4 8.29 9.33 7.12 7.40
1.6 7.29 8.20 6.23 6.48
1.8 6.50 7.33 5.53 5.76
2.0 5.87 6.62 4.98 5.18
2.2 5.35 6.04 4.52 4.71
2.4 4.92 5.55 4.15 4.32
2.6 4.54 5.13 3.83 3.99
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Figure 5.3: Variable peaking factor power limits from Carnavos correlation in MIX-Core 7.
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Figure 5.4: Variable peaking factor power limits from Wong correlation in MIX-Core 7
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5.4. Validation of Operating Limits by Comparison to MCODE Result
MCODE values for the plate powers in MIX-Core 1 were available [15]. Using the
MCODE generated plate powers, the minimum ONB margins for Mix-Core 1, operating at 6
MW, were calculated. These ONB margins from the MCODE plate powers were compared to
those from the full and side channel analyses, where the hot plate peaking factors in a 6 MW
core were set to 2.0 for HEU and 1.76 for LEU. The purpose of this comparison was to
determine whether or not 2.0 and 1.76 were high enough peaking factors to ensure safe power
operating limits in the MIX-Cores.
The plate powers from MCODE are shown in Table 5-2. In Table 5-2, the first row gives
element position. The entries under the first row are plate powers. Some elements have 15 entries
for plate powers and some have 18. The elements with 15 plate power entries are HEU elements
and the ones with 18 values are LEU elements. Table 5-2 shows a MIX-Core with the LEU
elements in the B-2, B-4, and B-7 positions. The MCODE model used for generating the values
in Table 5-2 is for a MIX-Core with partially burnt HEU elements and fresh LEU elements.
Thus, the HEU plate powers are generally lower than LEU plate powers, this is consistent with
the fact that the LEU elements are all in the B-ring.
The values for the plate powers in Table 5-2 are all in kW.
Table 5-2: Plate Powers in MIX-Core 1 generated by MCODE. All powers in kW [15].
19.45 22.83 26.15 2332 22.95 21.17 2437 24.00 21.54 14.95 12.49 14.15 14.58 16.18 14.15 12.43 14.03 15.08 16.98 15.08 12.98 14.71 15.38 17.72
19.45 20.86 22.34 20.92 20.86 19.63 21.60 22.34 19.69 14.77 12.92 13.66 14.52 15.45 13.78 12.98 13.97 15.08 16.37 14.83 13.78 14.65 15.08 16.68
18.77 19.75 20.55 19.57 20.18 18.95 20.25 21.11 18.71 14.46 12.98 13.66 1422 14.89 13.54 13.11 13.60 14.65 15.51 14.40 13.54 14.22 14.89 15.69
18.22 19.14 19.45 18.52 19.57 18.71 19.51 2037 19.14 14.15 13.11 1335 14.09 1428 1329 12.92 13.35 14.58 14.89 14.15 13.54 14.09 15.02 15.20
18.58 18.71 18.71 18.09 18.71 18.40 19.38 20.06 18.52 14.15 1329 1323 13.72 14.40 13.17 13.17 13.60 14.34 14.89 14.15 13.72 14.09 14.77 15.20
18.22 18.52 18.34 17.60 18.89 1828 18.40 19.69 18.83 14.03 13.48 13.48 13.72 14.52 13.05 12.92 13.42 1428 14.77 13.85 13.72 1428 14.77 14.83
17.91 18.28 17.97 1729 18.58 18.22 18.22 19.20 18.89 13.78 13.42 1329 13.54 13.97 13.11 12.86 13.42 14.40 1458 13.60 13.42 14.34 14.58 14.77
17.91 17.85 17.66 16.98 18.15 1828 18.09 18.95 18.77 13.78 13.60 13.42 13.48 14.15 13.11 12.80 13.60 14.15 14.34 13.78 13.60 14.52 14.71 14.65
18.15 17.72 17.66 16.62 18.03 1828 18.03 18.95 18.65 13.85 13.54 13.66 13.42 14.15 13.11 12.86 13.72 1422 14.34 13.54 13.97 14.52 14.58 14.95
18.15 17.48 17.72 16.43 17.66 1828 17.54 18.52 18.58 1422 13.54 13.97 13.60 1434 13.29 1329 14.09 1422 14.52 14.03 14.09 14.95 14.40 14.83
18.34 17.35 17.54 16.55 18.03 17.78 17.42 18.77 19.02 14.95 14.15 14.28 13.54 14.15 13.72 13.85 14.83 1422 14.46 14.52 14.52 1538 14.40 15.14
18.65 17.60 17.66 16.37 17.54 17.97 17.23 18.65 18.52 14.77 14.28 14.58 13.66 13.97 13.78 13.97 14.77 14.03 14.52 14.89 14.65 15.38 14.46 15.14
19.02 17.66 17.54 16.43 17.29 17.66 17.48 18.65 18.58 16.00 15.63 15.82 13.66 14.34 15.2015.08 16.06 13.85 14.58 16.25 15.88 16.49 14.58 15.02
19.51 17.66 17.54 16.74 17.35 17.78 17.54 18.46 18.40 18.52 17.48 17.91 13.97 14.46 17.60 16.92 18.09 14.03 14.71 18.52 18.09 18.77 14.52 15.38
20.80 18.15 17.72 17.05 17.42 17.48 18.28 18.65 1828 2031 1920 19.51 14.03 14.65 19.02118.77 19.57 14.09 14.95 20.31 19.75 20.62 14.95 15.51
18.03
18.58
19.94
17.78
18.28
19.88
1920
19.75
20.92
Using the plate powers for MIX-Core 1 from MCODE, the minimum ONB margins in
the HEU elements and LEU elements were calculated with both the Carnavos and Wong
correlations. The ONB margins were examined for when the hottest plate was adjacent to both
full and side channels. A comparison of the ONB margins from the powers in Table 5-2 and
those from setting the HEU peaking factor to 2.0 and the LEU peaking factor to 1.76 is shown in
Table 5-3, below.
Table 5-3: Minimum ONB margins in MIX-Core 1 calculated from MCODE plate powers and
peaking factors set to 2.0 for HEU and 1.76 for LEU.
CARNAVOS
HEU LEU
MCODE PLTEMP/ANL MCODE PLTEMP/ANL
Fr-1.38 Fr= 2.0 Fr=1.60 Fr=1.76
Full 50.93 'C 34.82 oC 42.88 OC 43.76 oC
Side 43.17 oC 36.33 oC 37.87 oC 39.95 oC
WONG
HEU LEU
MCODE PLTEMP/ANL MCODE PLTEMP/ANL
Fr=1.38 Fr= 2.0 Fr=1.60 Fr-1.76
Full 53.15 'C 42.47 oC 48.97 oC 49.55 oC
Side 48.33 'C 36.86 oC 40.85 oC 42.38 oC
From Table 5-3, one can see that the ONB margins from plate powers from the fixed peaking
factors of 2.0 and 1.76 are always lower than those from the MCODE calculations. Thus, the
operating limits determined in this project will be conservative.
5.5. Recommendations for Application of Operating Limit Results
The results for maximum operating power in Sections 5.2 and 5.3 are not necessarily firm
limits that reactor operators cannot work around. The main conclusion that can be drawn from
these results is that if the plate with the highest peaking factor is adjacent to a side channel, the
maximum allowable operating power in the reactor will be considerably lower than if the
maximum peaking is adjacent to a full or combined side channel. Thus, during operation, if the
fuel loading can be in such a way that the element with the hot plate is oriented in such a way
that the coolant channel adjacent to it is a combined side channel, the reactor will be able to
safely operate safely at much higher powers.
Additionally, while the results for core operation with variable peaking factors (Table 5-
1) were determined using MIX-Core 7, the power limits from that set of analysis can be used for
any MIX-Core. MIX-Core 7 has proven to be the core with the smallest ONB margins, making
its results conservative when applied to the other cores. However, from Tables 3.5 and 4-4, the
change in minimum ONB margin between the 7 MIX-Cores is negligible. This implies that
MIX-Core 7's power limits, while conservative, can be reasonably applied to the other MIX-
Cores.
6. Conclusions and Recommendations for Future Work
6.1. Full Channel v. Half Channel ONB Margins
From the analyses of the full and side coolant channels in the MIX-Cores, we find that
the side channels that form half coolant channels in a core are always more limiting than the full
or combined side channels in that same core. From Table 4-4, the HEU ONB margin is
consistently about 4.5 'C lower for the side channels than the full channels when calculated using
the Carnavos correlation. That difference is about 5.5 'C when using the Wong correlation. The
trend is similar for the LEU fuel elements. Even though full channels are heated from both sides,
side channels, which are heated on only one side, are more limiting as their flow geometry is
much less conducive to heat transfer due to higher flow resistance and relatively lower coolant
velocity.
The behavior of the combined side channels depends on the specific core configuration.
HEU combined side channels are actually larger than HEU full channels. Thus, if a full channel
and a combined side channel were to be heated from both sides by the same heat fluxes,
combined side channel, with its larger coolant flow volume, yields a larger ONB margin. We
have assumed that the LEU combined side channel is geometrically identical to an LEU full
channel because the detailed design of the LEU element has not yet been finalized. Not
unexpectedly, the results for the two types of channels are identical.
The hybrid combined side channel was not found to be most limiting factor, either. This
is due to the finned flow geometry of the hybrid combined side channel that allows increased
heat transfer between the cladding and the coolant resulting in higher ONB margins than those of
the half coolant channels. Recall that a hybrid combined side channel is heated by the same heat
flux as that of half of a full LEU channel and half of a full HEU channel. However, its coolant
flows across an area of half of an LEU channel but more than half of an HEU channel. This
allows the plate to be cooled more than an HEU full channel and an LEU full channel.
6.2. Operating Power Limits
6.2.1. Constant Maximum Peaking Factors
The limits for operating power were determined for all of the MIX-Cores over the course
of the HEU to LEU fuel transition. Consider the case where the maximum radial peaking factors
in the HEU and LEU elements are maintained constant at 2.0 and 1.76, respectively, and the
maximum LEU and HEU plate powers held constant for all of the different MIX-Cores. It was
found that, under these conditions, the maximum allowable operating power, as prescribed by the
ONB margin at the HEU hot plate, decreases linearly from 6.0 MW as more LEU elements are
added to the core. This is due to the fact that the LEU elements increase the total coolant flow
area in the core. With this increased flow area, the friction pressure drop across the core
decreases for the same total primary flow rate, which causes a decreased flow velocity through
the core. This, in turn, results in a decrease in the clad to coolant heat transfer coefficient and a
reduction of ONB margins at the hot spots, particularly in the HEU fuel.
In the event that a hot HEU plate is adjacent to a full channel, the maximum allowable
operating power of the MITR-III at steady state should be 5.8 MW. If the hot HEU plate is
adjacent to a half coolant channel (i.e., the fuel element is oriented perpendicular to a support
plate), the maximum operating power is 4.9 MW.
For each of the different MIX-Cores, the maximum allowable power is always lower if
the hot plate is adjacent to a side plate. Thus, it is recommended to plan refueling in such a way
that a side HEU fuel plate is never placed next to support plate and forms a half coolant channel.
6.2.2. Variable Maximum Peaking Factors
In the event that the maximum radial peaking is not constant at 2.0 for HEU and 1.76 for
LEU, calculations with the Carnavos correlation indicate that the MITR-III is able to operate at 6
MW only if the HEU maximum peaking is less than 2.0 when the hot plate adjacent to a full
channel and only if the HEU maximum peaking is less than 1.7 if the hot plate is adjacent to a
half channel. For the LEU elements, the reactor is able to operate at 6 MW if the maximum
radial peaking is less than 2.2 when the hot plate adjacent to a full channel and if the maximum
radial peaking is nomore than 2.0 with the hot plate adjacent to a half channel. Using the Wong
correlation, the MITR-II is able to operate at 6 MW if the HEU maximum peaking is less than
1.97 with the hot plate adjacent to a full channel and no more than 1.67 with the hot plate
adjacent to a side channel. In the LEU elements, the reactor can operate at 6 MW if the
maximum radial peaking is no more than 2.2 with the hot plate adjacent to a full channel and no
more than 1.75 with the hot plate adjacent to a side channel.
6.3. Future Work
6.3.1. Evaluation of Peaking Factors Using MCODE
The radial peaking factors of 2.0 for HEU and 1.76 used in a large portion of this project
were worst-case scenario estimates. Such high radial power peaking is not typical observed in
the MITR core. Thus, it would be useful to repeat these analyses with more realistic peaking
factors when they are available. Such a study would provide more accurate estimates of
operating power limits of the transitional cores.
6.3.2. LEU Side Channel Analysis With As-Designed Geometry
Because side channels adjacent to hot plates were found to be consistently more limiting
than full channels, it is imperative to model the side channel geometry accurately in the thermal
hydraulic analysis. The LEU side channel gap size used for calculations in this study was
assumed to be exactly half of that of a full channel because a detailed LEU fuel element design
has not yet been completed. Thus, the calculations for the LEU side channel ONB margins
should be revisited once the as-designed dimensions are available.
6.3.3. Transient Thermal-Hydraulic Analysis
All the analysis performed in this project assumes that the reactor is at steady state
operation. Transient thermal-hydraulic behavior of the mixed core configurations should be
analyzed to ensure the safety margins are maintained during accident conditions.
6.3.4. Incorporation of Bypasses in Core Model
The MITR contains space for in-core experiments. These experiments can be installed in
the in the A-ring or B-ring. Additionally, non-heated dummy elements are also often placed in
the core to control coolant flow. Thus, the presence of these flow bypass paths and its impact on
the transitional cores should be analyzed.
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8. Appendix 1 - SAMPLE PLTEMP/ANL INPUT DECK
8.1 MIX-Core 1: Carnavos PLTEMP/ANL Input Deck:
The following input deck is that of MIX-Core 1, using the Carnavos correlation.
MIX CORE (21/3) W/ FINNED PLATES
! 21 HEU ASSEMBLIES WITH FINS
! 3 LEU ASSEMBLIES WITH FINS
! hot channels -- HEU-2; LEU - 1.76
! 2 hot channnels in each hot element
! RADIAL AND AXIAL PEAKING FACTORS ACCOUNTED FOR
6 MW CORE
i CARNAVOS CORRELATIONS USED
! ASSUMING UP FLOW
! No bypass flow, NCTYP=0
! 10 axial heat transfer nodes in the heated length of fuel plates
!1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
-1052011100000 10 00
!FIN GEOMETRY
0.000254 0.000254 0.000254 0.0 220
! HEU PARAMETERS AND GEOMETRY
! ASSUMING the two channels at the ends are only heated on one side
! assuming the 2 end channels are only half channels
21 35.00 1.00 1.00 1.00 0
1 101.00
111
! MAXIMUM HEU AXIAL PEAKING FACTOR
1.68 1.68 1.68 1.68 1.68 1.68
1.68 1.68 1.68 1.68 1.68 1.68
1.68 1.68 1.68 1.68 1.68 1.68
1.68 1.68 1.68
! HEU FUEL AXIAL REGIONS
!area Dh Length Width Thickness
1.6160E-04 4.80300E-03 0.00001 0.00 0.0648 2.4940E-03
0.0 4.80300E-03 0.5842 0.00 0.0648 2.4940E-03
1.6160E-04 4.80300E-03 0.00001 0.00 0.0648 2.4940E-03
! FRICTION FACTOR: Use the code's biult-in correlation for friction factor
0.575 0.25 0.00
16 3 0.00 0.5842 0.38E-03 0.00 0.76E-03 42.500
!ALL GEOMETRIES "NOMINAL VALUES"
! area Dh Pw Ph Width Thickness
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
1.6160E-04
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
4.80300E-03
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.35E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
2.4940E-03
!SW friction factor plate widths
!0.1231 0.1231 0.1231 0.1231
!0.1231 0.1231 0.1231 0.1231
!0.1231 0.1231 0.1231
!CARNAVOS PLATE WIDTHS
0.0648 0.0648 0.0648 0.0648
0.0648 0.0648 0.0648 0.0648
0.0648
! A-1
0.0648 0.0648
! A-i -- hot channel!!-- hot plates 7,8; hot channel 8
0.977
1.967
0.977
!B-1
0.977
0.977
0.977
!B-3
0.977
0.977
0.977
!B-5
0.977
0.977
0.977
0.977
1.967
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.1231
0.1231
0.0648
0.0648
0.1231
0.1231
0.0648
0.0648
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
! B-6
0.977
0.977
0.977
iB-8
0.977
0.977
0.977
iC-1
0.977
0.977
0.977
iC-2
0.977
0.977
0.977
!C-3
0.977
0.977
0.977
! C-4
0.977
0.977
0.977
! C-5
0.977
0.977
0.977
iC-6
0.977
0.977
0.977
! C-7
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977
0.977 0.977
0.977
0.977
0.977
0.977
0.977 0.977 0.977
0.977 0.977 0.977
0.977 0.977
0.977 0.977
0.977
0.977
0.977
0.977
0.977 0.977
0.977 0.977
! C-8
0.977
0.977
0.977
!C-9
0.977
0.977
0.977
!C-10
0.977
0.977
0.977
C-11
0.977
0.977
0.977
!C-12
0.977
0.977
0.977
!C-13
0.977
0.977
0.977
!C-14
0.977
0.977
0.977
!C-15
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977
0.977 0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977
0.977 0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977 0.977
! LEU PARAMETERS AND GEOMETRY
! ASSUMING ALL CHANNELS ARE HEATED FROM BOTH SIDES
3 3 5.00 1.00 1.00 1.00 0
! Using pressure driven mode
1 10 1.00
111
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
########################################################
1.68 1.68 1.68
! LEU FUEL AXIAL GEOMETRY
!area Dh Length Width Thickness
1.5000E-04 4.46000E-03 0.00001 0.00 0.0648 2.3100E-03
0.0 4.46000E-03 0.5842 0.00 0.0648 2.3100E-03
1.5000E-04 4.46000E-03 0.00001 0.00 0.0648 2.3100E-03
! FRICTION FACTOR CORRELATION: Use the code's biult-in correlation for friction
! otherwise, use the following numbers from SW friction factor correlation
0.575 0.25
19 3 0.00
0.00
0.5842 0.25E-03 0.00 0.55E-03 42.500
! area Dh Pw
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
1.5000E-04 4.46000E-03
!half channel geometry
Ph
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
!0.6650E-04 3.98000E-03 0.134000
!SW friction factor plate widths
!0.1231 0.1231 0.1231
!0.1231 0.1231 0.1231
!0.1231 0.1231 0.1231
0.123
0.123
0.123
!CARNAVOS PLATE WIDTHS
0.0648 0.0648 0.0648 0.0648
0.0648 0.0648 0.0648 0.0648
0.0648 0.0648 0.0648 0.0648
! B-2-- HOT PLATES 9,10; hot channel
Width
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.0648
0.1231
0.1231
0.1231
0.0648
0.0648
0.0648
10
Thickness
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
0.0648 2.0500E-03
0.1231
0.1231
0.1231
0.0648
0.0648
0.0648
1.099 1.099 1.099 1.099 1.099 1.099
1.099
1.099
!B-4
1.099
1.099
1.099
!B-7
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.993
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.993
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
44 14 4 444 44,4-44444 4+ 44 41 4f-R 11
! DPO DDP DPMAX POWER
0.0141907 0.010 0.017 6.0000 4
0.00 0.00
50 0.0001 25.0 0.50 2.OE-03
10
!REL HEIGHT AXIAL PEAKING FACTOR
!ASSUMING FLOW IS UPWARD
0.00 1.54
0.11 1.59
0.22 1.68
0.33 1.59
0.44 1.20
0.56 0.74
0.67 0.58
0.78 0.47
0.89 0.36
1.00 0.27
0
TIN
5.0
1.099
1.099
1.099
1.099
1.099
1.099
1.099
1.099
PIN
0.20
100
r~tr~~~~~~~~~~~n~-n~ r rrrrrr rr rr~~ rrT~~
8.2 MIX-Core 1: Wong and Dittus-Boelter PLTEMP/ANL Input Deck:
The following input deck is that of MIX-Core 1, using the Wong and Dittus-Boelter
correlations.
MIX CORE (21/3) W/ FINNED PLATES
! 21 HEU ASSEMBLIES WITH FINS
! 3 LEU ASSEMBLIES WITH FINS
! hot channels -- HEU=2.00, LEU= 1.76
! RADIAL AND AXIAL PEAKING FACTORS ACCOUNTED FOR
! Radial peaking == PPi/PPav, PPav = average of all plates
! 6 MW CORE
! SW CORRELATIONS USED
! ASSUMING UP FLOW
! No bypass flow, NCTYP=O
! 10 axial heat transfer nodes in the heated length of fuel plates
! 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 Indices
1 0 5 2 0 1 1 10 0 0 0 0 1 0 00 Card(1)0200
!FIN GEOMETRY
!0.000254 0.000254 0.000254 0.0 220 Card(1)0202
! ##########################################################
! HEU PARAMETERS AND GEOMETRY
! ASSUMING the two channels at the ends are only heated on one side
! assuming the
21 35.00
1 101.00
1 1 1
!MAXIMUM
1.68 1.68
1.68 1.68
1.68 1.68
1.68 1.68
2 end channels are only half channels
1.00 1.00 1.00
HEU AXIAL PEAKING FACTOR
1.68 1.68 1.68 1.68
1.68 1.68 1.68 1.68
1.68 1.68 1.68 1.68
1.68
! HEU FUEL AXIAL REGIONS
1.4700E-04 4.40000E-03 0.00001 0.00
0.00 4.40000E-03 0.5842 0.00 0.06
1.4700E-04 4.40000E-03 0.00001 0.00
! FRICTION FACTOR: Use the code's biult-in
0.575 0.25 0.00
16 3 0.00 0.5842 0.38E-03 0.00
!ALL GEOMETRIES "NOMINAL VALUES"
Card(1)0300
Card(1)0301
Card(1)0302
Card(2)0303
Card(2)0303
Card(2)0303
Card(2)0303
0.0648 2.4900E-03 C
48 2.4900E-03 Card(
0.0648 2.4900E-03 C
correlation for friction factor
Card(1)0305
0.76E-03 42.500 Card(1
iard(3)0304
(3)0304
iard(3)0304
)0306
1.4700E-04
1.4700E-04
1.4700E-04
4.40000E-03
4.40000E-03
4.40000E-03
1.34E-01
1.34E-01
1.34E-01
1.30E-01
1.30E-01
1.30E-01
0.0648
0.0648
0.0648
2.4900E-03
2.4900E-03
2.4900E-03
Card(5)0307
Card(5)0307
Card(5)0307
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1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
1.4700E-04
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
4.40000E-03
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.34E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
1.30E-01
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
2.4900E-03
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
!SW friction factor plate widths
0.1231
0.1231
0.1231
0.1231
0.1231
0.1231
0.1231
0.1231
Card(1)0308
!A-1
! A-1 -- hot channel!!
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977
0.977 0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977 0.977 0.977 0.977
0.1231
0.1231
0.1231
0.1231
0.1231
0.1231
0.1231
Card(1
Card(1
)0308
)0308
0.977
0.977
0.977
1.967
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
1.967
0.977
!B-1
0.977
0.977
0.977
!B-3
0.977
0.977
0.977
iB-5
0.977
0.977
0.977
!B-6
0.977
0.977
0.977
iB-8
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
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0.977 0.977 0.977
0.977
0.977
0.977
0.977
0.977
0.977
iC-1
0.977
0.977
0.977
!C-2
0.977
0.977
0.977
!C-3
0.977
0.977
0.977
!C-4
0.977
0.977
0.977
! C-5
0.977
0.977
0.977
iC-6
0.977
0.977
0.977
! C-7
0.977
0.977
0.977
iC-8
0.977
0.977
0.977
!C-9
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977 0.977
0.977 0.977 0.977
0.977
0.977
0.977 0.977
0.977 0.977
0.977 0.977 0.977 0.977 0.977
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0.977 0.977
0.977 0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977 0.9770.977
0.977
!C-10
0.977
0.977
0.977
C-11
0.977
0.977
0.977
!C-12
0.977
0.977
0.977
!C-13
0.977
0.977
0.977
SC-14
0.977
0.977
0.977
!C-15
0.977
0.977
0.977
1
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977
0.977 0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977
0.977 0.977 0.977
0.977 0.977 0.977
LEU PARAMETERS AND GEOMETRY
ASSUMING ALL CHANNELS ARE HEATED FROM BOTH SIDES
3 3 5.00 1.00 1.00 1.00 0 Card(1)0300
! Using pressure driven mode
1 101.00
1 1 1
1.68 1.68 1.68
! LEU FUEL AXIAL GEOMETRY
1.3500E-04 4.05000E-03 0.00001
Card(1)0301
Card(1)0302
Card(2)0303
0.00
0.0 3.98000E-03 0.5842 0.00
1.3500E-04 4.05000E-03 0.00001 0.00
0.0648 2.3100E-03
0.0648 2.3100E-03
0.0648 2.3100E-03
Card(3)0304
Card(3)0304
Card(3)0304
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0.977
0.977
0.977 0.977
0.977 0.977
0.977
0.977
0.977
0.977
0.977
0.977
! FRICTION FACTOR CORRELATION: Use the code's biult-in correlation for friction factor
! otherwise, use the following numbers from SW friction factor correlation
0.25E-03 0.00
Card(l)0305
0.55E-03 42.500 Card(1)0306
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
1.3500E-04
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
4.05000E-03
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.134000
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
0.1300
!half channel geometry
!0.6650E-04 3.98000E-03 0.134000 0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
0.0648
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
2.3100E-03
0.0648 2.0500E-03
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
Card(5)0307
!SW friction factor plate widths
0.1231
0.1231
0.1231
1.099
1.099
1.099
1.099
1.099
1.099
0.1231
0.1231
0.1231
1.099
1.993
1.099
1.099
1.099
1.099
.0.1231
0.1231
0.1231
1.099
1.993
1.099
1.099
1.099
1.099
1.099 1.099 1.099
1.099 1.099 1.099
0.1231
0.1231
0.1231
1.099
1.099
1.099
1.099
1.099
1.099
0.1231
0.1231
0.1231
Card(1)0308
Card(l)0308
Card(l)0308
1.099
1.099
1.099
1.099
1.099
1.099
1.099 1.099
1.099 1.099
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0.575
19 3
0.25
0.00
0.00
0.5842
0.1231
0.1231
0.1231
!B-2
1.099
1.099
1.099
!B-4
1.099
1.099
1.099
!B-7
1.099
1.099
1.099 1.099 1.099 1.099 1.099 1.099
!DPO DDP DPMAX
0.01351150 0.010 0.012
0.00 0.00
50 0.0001 25.0
POWER TIN
6.0000 45.0
0.50 2.OE-03
10
!REL HEIGHT AXIAL PEAKING FACTOR
!ASSUMING FLOW IS UPWARD
0.00 1.54
0.11 1.59
0.22 1.68
0.33 1.59
0.44 1.20
0.56 0.74
0.67 0.58
0.78 0.47
0.89
1.00
0
0.36
0.27
PIN
0.20 Card(1)0500
Card(2)0500
Card(1)0600
Card(1)0700
Card(11)0701
Card(11)0701
Card(11)0701
Card(11)0701
Card(11)0701
Card(11)0701
Card(11)0701
Card(11)0701
Card(11)0701
Card(11)0701
Card(11)0702
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~#######################################
9. Appendix 2 - Matlab Code From Benchmarking
9.1 Wong Correlation Benchmarking:
The following is the Matlab script used to benchmark PLTEMP/ANL's use of the Wong
Correlation.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%BENCHMARKING CALCULATIONS -- WONG CORRELATION
%HEU
%total power
P_tot = 6e6; %Watts
%total flow
Vflow = 1800; %gpm
Fl_tot=- Vflow*(0.003785)*(1/60); %vol flow m^3/s
%Elements
E=24;
%Plates per element
PPE=15;
%channels per element
CHE = 15;
%flow per channel
v_ch = (Fl_tot/(E*CHE)); %vol flow per channel
%power per plate
ppl=P_tot/(E*PPE);
% CHANNEL GEOMETRIES
L=0.5842; %m, channel length
W=6.480e-2; %m, channel width
T=0.0013716; %m, channel thickness
% Fins
nfin=l 10; %number of fins in channel
fin_h=2.54e-4; %m, fin height
finw=fin h; %m, fin width
A_fin=fin_h*fin_w; %m^2, fin area
% Flow Area
Af_nom=W*T; %m^2, flow area nominal
Af_act=Af_nom-nfin*Afin; %m^2, flow area actual
%Af_c = W*(T-2*fin_h);
% Wetted Perimeter
Pw_act=2*(T-fin h+W); %m, wetted perimeter actual
% Heated Perimeter
Ph nom = W;
Ph_act = W+nfin*fin_h*2;
% Hydraulic Diameter
%De_nom = 4*Af_nom/Pw_nom; %m, hydraulic diameter nominal
De_act = 4*Af_act/Pw_act; %m, hydraulic diameter actual
%Inlet Conditions
Tin = 45; %C, temperature
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P_in = 0.1; %MPa, pressure
H_in = enthalpy(T_in); %enthalpy
mu_in = viscosity(T_in); %viscosity
dens_in = density(Tin); %density
mch = v_ch*density(T_in)
N node = 10; %number of nodes
L_node = L/N_node; %length of node
Q_ch = ppl/2; %power into channel
Q_node = Q_ch/N_node; %power per node
for i = 1:10;
H(i)= (H_in*m_ch+Q_node*(i))/m_ch;
T(i) = temperature(H(i))
dens(i) = density(T(i));
vel(i) = m_ch/(Af_act*dens(i));
visc(i) = viscosity(T(i));
heatcapac(i) = cp(T(i));
k(i) = thermcond(T(i));
Pr(i) = visc(i)*heatcapac(i)/k(i);
Re(i) = dens(i)*vel(i)*Deact/visc(i);
f(i) = 0.575*Re(i)^(-0.25);
Nu(i) = 0.023*(Re(i)^0.8)*(Pr(i)^0.4);
h(i) = Nu(i)*k(i)/De_act;
Tw(i) = Q_node/(h(i)*W* 1.9*L_node)+T(i)
dP(i) = f(i)*(L_node/De_act)*(dens(i)*vel(i)A2)/2;
end
dP_tot = sum(dP)* 1 e-6
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9.2 Carnavos Correlation Benchmarking
The following is the Matlab script used to benchmark PLTEMP/ANL's use of the
Carnavos Correlation.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%BENCHMARKING CALCULATIONS -- CARNAVOS CORRELATION
%HEU
%total power
P tot = 6e6; %Watts
%total flow
Vflow = 1800; %gpm
Fl_tot= Vflow*(0.003785)*(1/60); %vol flow mA3/s
%Elements
E=24;
%Plates per element
PPE= 15;
%channels per element
CHE = 15;
%flow per channel
v_ch = (Fl_tot/(E*CHE)); %vol flow per channel
%power per plate
ppl=P_tot/(E*PPE)
% CHANNEL GEOMETRIES
L=0.5842; %m, channel length
W=6.480e-2; %m, channel width
T=0.0013716; %m, channel thickness
% Fins
nfin=l 10; %number of fins in channel
fin_h=2.54e-4; %m, fin height
fin_w=fin h; %m, fin width
A_fin=fin_h*fin_w; %m^2, fin area
% Flow Area
Af_nom=W*T; %mA2, flow area nominal
Af_act=-Af_nom-nfin*A fin; %mA2, flow area actual
Af_c = W*(T-2*finh);
% Wetted Perimeter
Pw_nom=2*(W+T); %m, wetted perimeter nominal
Pw_act=Pw_nom+2*nfin*fin_h; %m, wetted perimeter actual
% Heated Perimeter
Ph nom = W;
Ph act = W+nfin*fin h*2
% Hydraulic Diameter
De_nom = 4*Af_nom/Pw_nom; %m, hydraulic diameter nominal
De_act = 4*Afact/Pwact; %m, hydraulic diameter actual
%Inlet Conditions
T_in = 45; %C, temperature
P_in = 0.1; %MPa, pressure
H_in = enthalpy(T_in); %enthalpy
muin = viscosity(T_in); %viscosity
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dens_in = density(T_in); %density
m_ch = v_ch*density(T_in)
N node = 10; %number of nodes
L_node = L/N_node; %length of node
Q_ch = ppl/2; %power into channel
Q_node = Q_ch/N_node; %power per node
for i = 1:10;
H(i)= (H_in*m_ch+Q_node*(i))/m_ch;
T(i) = temperature(H(i))
dens(i) = density(T(i));
vel(i) = mch/(Af_act*dens(i));
visc(i) = viscosity(T(i));
heatcapac(i) = cp(T(i));
k(i) = thermcond(T(i));
Pr(i) = visc(i)*heatcapac(i)/k(i);
Re(i) = dens(i)*vel(i)*De_act/visc(i);
f(i) = 0.1 84*(Re(i)(-0.2))*(Afnom/Afact)A(0.5);
Nu(i) = 0.023*(Re(i)^0.8)*(Pr(i)A0.4)*(Af act/Af c)A0.1*(Pw_nom/Pw_act)^0.5;
h(i) = Nu(i)*k(i)/De act;
Tw(i) = Q_node/(h(i)*0.093*L_node)+T(i)
dP(i) = f(i)*(L_node/De_act)*(dens(i)*vel(i)A2)/2;
end
dP_tot = sum(dP)*1e-6
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9.3 Flat Plate Benchmarking
The following is the Matlab script used to benchmark PLTEMP/ANL's calculation of a
flat plate geometry.
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%BENCHMARKING CALCULATIONS -- FLAT PLATE
%HEU
%total power
P tot = 6e6; %Watts
%total flow
Vflow = 1800; %gpm
Fl_tot=- Vflow*(0.003785)*(1/60); %vol flow m^3/s
%Elements
E=24;
%Plates per element
PPE=15;
%channels per element
CHE = 15;
%flow per channel
v_ch = (Fl_tot/(E*CHE)); %vol flow per channel
%power per plate
ppl=Ptot/(E*PPE);
% CHANNEL GEOMETRIES
L=0.5842; %m, channel length
W=6.480e-2; %m, channel width
T=0.0013716; %m, channel thickness
% Fins
nfin= 110; %number of fins in channel
fin_h=2.54e-4; %m, fin height
fin_w=fin_h; %m, fin width
A_fin=fin_h*fin_w; %m^2, fin area
% Flow Area
Af_nom=W*T; %m^2, flow area nominal
Afact=-Afnom; %m^2, flow area actual
%Af_c = W*(T-2*finh);
% Wetted Perimeter
Pw_act=2*(T+W); %m, wetted perimeter actual
% Heated Perimeter
Phnom = W;
Ph act = W;
% Hydraulic Diameter
%De_nom = 4*Af_nom/Pw_nom; %m, hydraulic diameter nominal
De_act = 4*Af_act/Pw_act; %m, hydraulic diameter actual
%Inlet Conditions
T_in = 45; %C, temperature
P_in = 0.1; %MPa, pressure
H_in = enthalpy(T_in); %enthalpy
mu_in = viscosity(T_in); %viscosity
dens_in = density(T_in); %density
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m_ch = v_ch*density(T_in)
N node = 10; %number of nodes
L_node = L/N_node; %length of node
Q_ch = ppl/2; %power into channel
Q_node = Q_ch/N_node; %power per node
for i= 1:10;
H(i)= (H_in*m_ch+Q_node*(i))/mch;
T(i) = temperature(H(i))
dens(i) = density(T(i));
vel(i) = m_ch/(Afact*dens(i));
visc(i) = viscosity(T(i));
heatcapac(i) = cp(T(i));
k(i) = thermcond(T(i));
Pr(i) = visc(i)*heatcapac(i)/k(i);
Re(i) = dens(i)*vel(i)*De_act/visc(i);
f(i) = 0.575*Re(i)^(-0.25);
Nu(i) = 0.023*(Re(i)^0.8)*(Pr(i)^0.4);
h(i) = Nu(i)*k(i)/De_act;
Tw(i) = Q_node/(h(i)*W*L_node)+T(i)
dP(i) = f(i)*(L_node/De_act)*(dens(i)*vel(i)^2)/2;
end
dP_tot = sum(dP)* 1 e-6
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10. Appendix 3 - MCODE
10.1. 24-element HEU Core
The following are plate powers of a 6 MW 24-element HEU core. The powers are in kW.
2420 23.34 20.96 23.66 19.35 20.88 24.46 2025 21.04 17.44 17.17 1438 15.25 17.17 16.10 16.61 15.11 15.87 18.89 17.55 17.52 16.12 16.68 19.10
22.68 21.31 1938 21.07 18.54 19.47 2237 19.88 19.98 16.75 16.28 14.02 14.86 15.91 15.55 15.79 14.46 15.54 17.12 16.62 17.00 15.86 1627 17.07
21.56 2037 18.70 2029 1838 19.15 2122 1929 1922 16.08 15.71 13.97 14.64 1525 14.92 15.62 14.42 15.29 15.93 16.05 16.41 1524 15.93 16.16
21.00 19.77 18.31 1928 18.08 18.78 20.17 18.95 19.13 15.52 1539 13.93 14.51 14.65 14.44 1524 1432 14.83 15.72 15.42 16.06 1537 
15.82 15.81
20.62 19.34 17.67 18.69 17.73 18.69 19.66 19.03 18.93 1521 15.18 13.74 14.52 1429 13.84 14.70 14.16 14.89 15.46 15.02 15.70 15.02 
15.60 15.52
2035 19.08 17.57 1837 17.45 18.69 18.86 18.82 18.92 14.82 14.57 14.09 1431 1438 13.64 1431 1430 14.99 15.40 15.01 15.55 15.44 15.69 15.53
20.39 18.64 17.16 17.93 17.40 18.79 18.90 18.31 18.78 14.67 14.40 13.85 1420 1422 1332 1423 13.84 14.99 15.41 14.63 15.07 1534 
15.82 15.61
20.19 1831 17.02 17.59 1727 18.88 18.92 18.31 19.11114.27 1432 13.97 1427 14.161333 13.77 13.88 14.65 15.19 14.18 15.04 
15.05 15.74 15.43
20.32 1825 16.95 17.61 17.56 18.82 1839 18.47 18.85 1423 1421 14.04 14.42 1424 13.03 13.51 13.93 15.08 15.18 1424 14.79 14.97 15.63 15.12
2024 17.98 16.85 17.05 16.85 18.83 18.15 18.09 19.06 14.10 14.19 1432 14.19 14571 13.19 13.81 14.03 14.51 1535 14.40 14.63 15.39 15.50 1527
20.55 17.82 16.68 16.56 16.77 18.75 1831 17.72 19.37 14.45 14.09 14A.44 1421 1438 13.54 13.76 14.25 14.72 15.09 1459 14.60 15.50 15.72 15.61
20.33 17.84 16.96 16.67 16.60 18.83 17.68 17.82 19.33 14.68 14.49 14.76 14.42 14.60 13.72 13.92 14.84 14.64 14.85 15.02 14.83 16.10 15.70 15.72
20.62 17.46 16.70 16.17 16.59 19.06 17.90 17.77 19.56 15.78 15.15 15.57 14.47 1424 14.54 1431 15.68 14.91 1536 15.81 15.52 16.65 15.85 15.78
21.64 17.42 16.98 16.61 16.79 18.98 17381 17.60 19.78 1726 1599 1721 14.6514.78 16.05 15.4 17.19 14.89 15.60 1733 16.52 1824 15.58 
1624
23.01 17.89 17.08 16.33 17.06 19.76 18.06 18.09 2029 20.54 18.51 20.49 14.80 15.36 18.99 17.66 20.52 15.18 15.94 20.51 18.68 21.40 16.10 16.66
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10.2. 24-element LEU Core
The following are plate powers of a 6 MW 24-element LEU core. The powers are in kW.
2122 20.54 19.52 2123 16.05 182522.10 17.12 18.42 14.49 14.03 1225 12.77 15.93 13.96 13.83 12.57 13.06 16.56 14.40 14.73 1325 13.57 16.97
19.46 18.32 17.46 18.64 15.79 16.76 19.41 16.58 16.82 13.74 1333 11.58 12.38 13.77 12.99 12.91 12.06 12.55 14.14 13.97 14.16 12.83 12.81 14.35
18.36 17.50 16.33 17.25 15.63 16.05 18.47 16.08 16.34 13.43 13.03 11.42 1224 12.99 12.76 12.61 11.94 12.55 13.32 13.46 13.73 12.57 12.67 13.73
17.90 16.72 1539 16.45 15.46 15.92 17.48 16.04 15.78 13.16 12.79 11.34 12.13 1239 12.41 12.58 11.95 1235 12.61 13.11 13.52 12.47 12.84 1327
17.63 16.57 15.32 15.98 15.16 15.81 17.11 16.04 15.82 12.83 12.81 11.37 12.42 12.14 12.09 1231 11.8212.27 1224 12.90 13.16 1221 12.72 12.70
17.33 16.15 14.83 15.73 14.90 15.75 16.81 15.93 15.89 12.73 12.56 1120 12.19 12.15 11.90 12.00 11.49 12.56 12.17 12.59 12.59 12.23 13.02 12.83
17.40 15.92 14.80 15.64 14.63 15.88 16.35 15.73 15.94 1224 12.16 1122 11.78 11.99 11.59 11.78 11.40 12.41 1225 12.18 12.55 11.98 12.80 12.73
17.32 15.76 14.53 15.31 14.67 15.64 16.04 15.69 16.05 11.90 12.03 1124 11.90 12.08 11.11 11.48 1132 1239 1233 11.90 1220 11.95 12.72 12.62
17.16 15.55 14.45 14.78 14.49 16.06 15.89 15.75 1620 11.89 11.96 11.18 1150 11.86 11.00 1155 11.54 1233 12.09 11.72 11.97 11.95 12.68 12.78
1722 15.43 14.37 14.61 14.31 15.66 15.57 15.60 15.84 11.52 11.69 1126 11.65 11.98 10.89 11.40 1137 12.29 12.31 11.45 12.04 11.85 13.10 12.69
17.16 14.95 14.14 14.40 1431 15.65 15.62 1539 16.07 11.45 11.57 1121 11.47 1226 10.81 1129 1139 1223 1228 11.56 11.92 11.76 12.96 12.64
1723 14.84 14.18 14.48 1429 15.77 15.34 1536 15.94 11.46 1135 11.07 11.60 1233 10.90 11.06 1134 12.18 12.19 11.57 11.78 11.98 12.74 12.82
17.39 14.68 13.89 14.10 14.11 16.10 15.14 15.10 1629 11.55 11.17 11.54 11.45 12.13 10.78 10.94 11.46 12.05 1239 11.60 11.96 11.98 12.69 12.69
17.38 14.51 13.94 14.06 14.18 16.00 14.73 14.95 16.41 11.77 11.57 11.77 11.54 11.96 11.05 11.04 11.63 11.98 1225 11.58 12.13 12.41 12.64 12.89
17.50 14.56 14.02 1421 13.84 15.84 14.82 14.76 16.33 12.41 11.83 12.31 11.71 12.40 1130 1133 12.01 12.14 12.40 12.14 12.19 13.00 12.59 12.92
1824 14.49 14.00 14.05 13.90 15.92 14.71 14.57 16.55 1333 12.59 113 11.61 12.62 12.47 12.13 13.14 12.4 12.38 13.19 12.96 13.72 12.70 13.15
18.99 14.44 13.97 13.91 13.77 16.19 14.68 14.85 16.71 1531 1429 15.09 11.82 12.58 1423 13.58 15.19 1233 12.84 15.18 14.20 16.06 1322 1323
2129 14.82 14.15 14.06 14.25 16.50 14.81 15.27 17.11 19.81 1721 19.71 12.23 12.97 18.74 16.63 19.84 12.51 13.12 19.51 17.79 20.74 13.40 13.55
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10.3. MIX-Core 1
The following are plate powers from MIX-Core 1, operating at 6 MW. The powers are in kW.
A-1 B-1 B-2 B-3 B4 B-5 B-6 B&7 B-8 C-1 C-2 C-3 C4 C-5 C-6 C-7 C-4 C-9 C-10 C-11 C-12 C-13 C-14 C-15
19.45 22.83 26.15 23.32 22.95 21.17 24.37 24.00 21.54 14.95 12.49 14.15 14.58 16.18 14.15 12.43 14.03 15.08 16.98 15.08 12.98 14.71 15.38 17.72
19.45 20.86 22.34 20.92 20.86 19.63 21.60 22.34 19.69 14.77 12.92 13.66 14.52 15.45 13.78 12.98 13.97 15.08 16.37 14.83 13.78 14.65 15.08 16.68
18.77 19.75 20.55 19.57 20.18 18.95 2025 21.11 18.71 14.46 12.98 13.66 14.22 14.89 13.54 13.11 13.60 14.65 15.51 14.40 13.54 14.22 14.89 15.69
18.22 19.14 19.45 18.52 19.57 18.71 19.51 20.37 19.14 14.15 13.11 13.35 14 .09 1428 1329 12.92 13.35 14.58 14.89 14.15 13.54 14.09 15.02 1520
18.58 18.71 18.71 18.09 18.71 18.40 19.38 20.06 18.52 14.15 1329 13.23 13.72 14.40 13.17 13.17 13.60 14.34 14.89 14.15 13.72 14.09 14.77 1520
1822 18.52 18.34 17.60 18.89 18.28 18.40 19.69 18.83 14.03 13.48 13.48 13.72 14.52 13.05 12.92 13.42 14.28 14.77 13.85 13.72 14.28 14.77 14.83
17.91 1828 17.97 1729 18.58 1822 1822 1920 18.89 13.78 13.421 132913.54 13.97 13.11 12.86 13.42 14.40 14.58 13.60 13.42 14.34 14.58 14.77
17.91 17.85 17.66 16.98 18.15 1828 18.09 18.95 18.77 13.78 13.60 13.42 13.48 14.15 13.11 12.80 13.60 14.15 14.34 13.78 13.60 14.52 14.71 14.65
18.15 17.72 17.66 16.62 18.03 1828 18.03 18.95 18.65 13.85 13.54 13.66 13.42 14.15 13.11 12.86 13.72 1422 14.34 13.54 13.97 14.52 14.58 14.95
18.15 17.48 17.72 16.43 17.66 1828 17.54 18.52 18.58 1422 13.54 13.97 13.60 14.34 1329 1329 14.09 1422 14.52 14.03 14.09 14.95 14.40 14.83
18.34 17.35 17.54 16.55 18.03 17.78 17.42 18.77 19.02 14.95 14.15 1428 13.54 14.15 13.72 13.85 14.83 1422 14.46 14.52 14.52 15.38 14.40 15.14
18.65 17.60 17.66 16.37 17.54 17.97 17.23 18.65 18.52 14.77 1428 14.58 13.66 13.97 13.78 13.97 14.77 14.03 14.52 14.89 14.65 15.38 14.46 15.14
19.02 17.66 17.54 16.43 1729 17.66 17.48 18.65 18.58 16.00 15.63 15.82 13.66 14.34 1520 15.08 16.06 13.85 14.58 1625 15.88 16.49 14.58 15.02
19.51 17.66 17.54 16.74 17.35 17.78 17.54 18.46 18.40 18.52 17.48 17.91 13.97 14.46 17.60 16.92 18.09 14.03 14.71 18.52 18.09 18.77 14.52 15.38
20.80 18.15 17.72 17.05 17.42 17.48 18.28 18.65 1828 20.31 1920 19.51 14.03 14.65 19.02 18.77 19.57 14.09 14.95 20.31 19.75 20.62 14.95 15.51
18.03
18.58
19.94
17.78
1828
19.88
1920
19.75
20.92
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